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A b s t r a c t :  P a r t  L. The r e s p o n s e  of  s t a n d a r d  magnetographs  t o  e a r t h q u a k e  

waves i s  a se i smograph  e f f e c t .  These  i n s t r u m e n t s  react as u l t r a - l o w - s e n s i -  

t i v i t y  seismic r e c o r d e r s .  With l i t t l e  o r  no  a d d i t i o n a l  e f f o r t  some m a g n e t i c  

o b s e r v a t o r i e s  cou ld  b e  u s e d  as supplementary  seismic s t a t i o n s  a t  t h e  t imes 

o f  g r e a t  e a r t h q u a k e s .  The e f f e c t s  of t h e  Alaskan  e a r t h q u a k e  of March 28 ,  1964,  

are s t u d i e d  i n  d e t a i l  i n  t h i s  p a p e r .  A number of  s imilar  cases a re  known. 

P a r t  11. Even i f  t h e  r e s p o n s e  of s t a n d a r d  magnetographs  i s  d e f i n i t e l y  

of a mechan ica l  n a t u r e  i t  i s  l i k e l y  t h a t  t h e  e a r t h q u a k e  waves d o  g e n e r a t e  

real  m a g n e t i c  waves.  Some e x p e r i m e n t a l  e v i d e n c e  ( f rom Bergen P a r k ,  Co lo rado)  

of t h e  e x i s t e n c e  o f  such  waves i s  p r e s e n t e d .  Mechanisms f o r  g e n e r a t i o n  of 

t h e  o b s e r v e d  waves are d i s c u s s e d .  I t  i s  shown t h a t  p i e z o m a g n e t i c  o s c i l l a t i o n s  

i n  m a g n e t i c  rock  o r  induced  c u r r e n t s  i n  a r e g i o n  w i t h  enhanced  c o n d u c t i v i t y  

may o f f e r  an  e x p l a n a t i o n .  These  e f f e c t s  are a s s o c i a t e d  w i t h  anomalous 

c o n d i t i o n s  i n  t h e  c r u s t .  I t  seems e v i d e n t  t h a t  t h e  p r o p e r t i e s  of  t h e  

. " a v e r a g e  c r u s t "  canno t  e x p l a i n  t h e  o b s e r v e d  m a g n e t i c  v a r i a t i o n s .  
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INTRODUCTION 

S i n c e  t h e  ea r ly  d a y s  of con t inuous  p h o t o g r a p h i c  r e c o r d i n g  of t h e  

geomagne t i c  f i e l d  t h e  r e s p o n s e  of magnetographs  u s i n g  suspended  magnets  

t o  e a r t h q u a k e s  h a s  a t t r a c t e d  t h e  i n t e r e s t  of many o b s e r v e r s .  Op in ions  

have  d i f f e r e d  r e g a r d i n g  t h e  " r e a l i t y "  of  t h e s e  e f f e c t s .  Some have  

a s c r i b e d  them t o  e l e c t r i c  o r  magne t i c  o s c i l l a t i o n s  g e n e r a t e d  by t h e  

e a r t h q u a k e ,  o t h e r s  t o  mechan ica l  v i b r a t i o n s  of t h e  m a g n e t i c  i n s t r u m e n t s .  

Davison  (1905) r e p o r t e d  on t h i r t e e n  m a g n e t i c  o b s e r v a t o r i e s  r e c o r d i n g  

d i s t u r b a n c e s  f rom t h e  R i v i e r a  e a r t h q u a k e  of F e b r u a r y  2 3 ,  1887. 

While  Bauer  was i n  c h a r g e  of t h e  geomagne t i c  work of t h e  U. S.  C o a s t  

and G e o d e t i c  Survey  h e  a r r a n g e d  f o r  t h e  i n s t a l l a t i o n  of p r i m i t i v e  seismo- 

g r a p h s  a t  f o u r  magne t i c  o b s e r v a t o r i e s .  H e  t h u s  p r o v i d e d  means f o r  d i r e c t  

compar ison  of t h e  t w o  t y p e s  of e a r t h q u a k e  r e c o r d .  The r e s u l t s  were d i s -  

cussed  by Burbank (1905)  and Bauer (1906)  . These  i n v e s t i g a t i o n s  showed 

t h a t  some e a r t h q u a k e s  were r eco rded  on t h e  magnetographs  b u t  n o t  on t h e  

se i smographs ,  and v i c e  v e r s a .  The o n s e t  times of t h e  m a g n e t i c  d i s t u r b a n c e s  

g e n e r a l l y  ag reed  rough ly  w i t h  t h e  times of a r r i v a l  of t h e  seismic waves,  

when b o t h  k i n d s  of waves were obse rved .  

Mascart (1887) b e l i e v e d  t h a t  t h e  v a r i a t i o n s  r e c o r d e d  by t h e  magneto- 

g r a p h  were rea l ,  i . e .  caused  by v a r i a t i o n s  i n  t h e  m a g n e t i c  f i e l d  r a t h e r  

t h a n  by mechan ica l  v i b r a t i o n s .  

e l ec t r i c  c u r r e n t s  g e n e r a t e d  by t h e  e a r t h q u a k e .  

He t r i e d  t o  e x p l a i n  them by means of 

Moureaux and Mascart ( 1889) a t t e m p t e d  t o  d e c i d e  between t h e  mechanica l  

and m a g n e t i c  t h e o r y  by u s i n g  a second v a r i o m e t e r  where t h e  suspended  magnet 
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had  been  r e p l a c e d  by a coppe r  b a r .  A t  t h e  t i m e  of s u b s e q u e n t  e a r t h q u a k e s  

t h e  magnet o s c i l l a t e d  b u t  t h e  coppe r  b a r  d i d  n o t .  T h i s  r e s u l t  was t h o u g h t  

I t o  p r e c l u d e  a mechan ica l  e x p l a n a t i o n  o f  t h e  phenomenon. 

The r e s p o n s e  c o n s i d e r e d  as a mechan ica l  e f f e c t  was d i s c u s s e d  t e n t a -  

t i v e l y  by Davison (1885) . H e  c o n f i n e d  h i m s e l f  t o  compass -need le s .  The  

case of  suspended  sys t ems  ( u n i f i l a r  and b i f i l a r )  was a t t a c k e d  m a t h e m a t i c a l l y  

by -- L i z n a r  (1895) and ,  i n d e p e n d e n t l y ,  by Reid  ( 1 9 1 4 ) .  A summary o f  t h e i r  

a r g u m e n t a t i o n  w i l l  be g i v e n  l a te r .  
I 

Chapman (1930) r e p o r t e d  t w o  i n c i d e n t s  when s h i p s '  compasses  were 

a c t i n g  q u e e r l y  i n  c o n n e c t i o n  w i t h  e a r t h q u a k e s .  The o b s e r v e d  v a r i a t i o n s  

a p p e a r  t o  have  been  t o  o n e  s i d e  r a t h e r  t h a n  of  o s c i l l a t o r y  t y p e .  S i n c e  

t h e  s h i p s  were moving, t h e  e x p l a n a t i o n  might  b e  t h a t  t h e y  p a s s e d  o v e r  

s p a t i a l  anomal i e s  which have  n o t h i n g  t o  d o  w i t h  t h e  e a r t h q u a k e s .  

check ing  t h i s  t h e  o b s e r v a t i o n s  are i n c o n c l u s i v e .  

, Without  

The  p r e s e n t  writer p r o p o s e s  an e x p l a n a t i o n  o f  t h e  i n s t r u m e n t  r e s p o n s e  

t o  seismic waves which d i f f e r s  somewhat f rom t h a t  o f  t h e  ear l ier  w o r k e r s .  

I t  i s  shown t h a t  a m a g n e t i c  t o r q u e  i s  i n t r o d u c e d  by t h e  pendulum swing o f  

t h e  suspended  magnets .  The magnetographs  may i n  f a c t  i n  some cases b e  u s e d  

as q u a n t i t a t i v e  se i smographs  o f  u l t r a - l o w  s e n s i t i v i t y .  i 
Even i f  t h e  r e s p o n s e  of  s t a n d a r d  magne tographs  i s  d e f i n i t e l y  of  a 

mechan ica l  n a t u r e ,  i t  i s  l i k e l y  t h a t  t h e  e a r t h q u a k e  waves d o  g e n e r a t e  

real  m a g n e t i c  waves. The e x p e c t e d  a m p l i t u d e s  of  t h e s e  are c a l c u l a t e d  f o r  

t h r e e  s i m p l e  mode l s , t he  p i e z o m a g n e t i c  model ,  t h e  f i e l d  g r a d i e n t  model ,  and 

- 
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t h e  i n d u c t i o n  model .  I t  i s  found t h a t  t h e s e  e f f e c t s  are u s u a l l y  t o o  

small t o  b e  o b s e r v e d  a g a i n s t  t h e  background of  g e o m a g n e t i c  n o i s e .  T h e r e  

may however  b e  e x c e p t i o n a l  cases when " se i smomagne t i c  waves" can a c t u a l l y  

b e  o b s e r v e d .  Some e x p e r i m e n t a l  e v i d e n c e  ( f r o m  Bergen  P a r k ,  Co lo rado)  of 

t h e  e x i s t e n c e  o f  s u c h  waves i s  p r e s e n t e d .  

I. Se i smograph  e f f e c t  

1. Observed  d i s t u r b a n c e s  

F i g .  1 shows t y p i c a l  v a r i a t i o n s  f o l l o w i n g  a g r e a t  e a r t h q u a k e ,  i n  

t h i s  case t h e  Alaskan  e a r t h q u a k e  of March 28, 1964.  They were o b t a i n e d  a t  

t h e  Swedish  m a g n e t i c  s t a t i o n s ,  K i runa  and Enkzping.  

of  t h e s e  i n s t r u m e n t s  ( m o d i f i e d  Grene t  p u l s a t i o n  r e c o r d e r s )  are suspended  mag- 

n e t s .  T h i s  i s  a common f e a t u r e  of m o s t  of t h e  m a g n e t i c  s t a n d a r d  i n s t r u m e n t s  

a round  t h e  w o r l d .  The Alaskan  e a r t h q u a k e  h a s  been  r e c o r d e d  i n  a s imi la r  way 

a t  a l a r g e  number of t h e  geomagne t i c  o b s e r v a t o r i e s .  

The p r i m a r y  f i e l d  s e n s o r s  

The  s e n s i t i v i t y  of t h e  Ki runa  and Enkb.ping magnetographs  i s  u n u s u a l l y  

h i g h  f o r  i n s t r u m e n t s  w i t h  suspended magne t .  T h i s  i s  d u e  to  s p e c i a l  con- 

s t r u c t i o n  f e a t u r e s ;  see V o e l k e r  (1963) .  The v e r t i c a l  l i n e s  i n  F i g .  1 i n d i c a t e  

m i n u t e s  and h o u r s .  The s e n s i t i v i t y  of t h e  r e c o r d s  depends  on t h e  p e r i o d  of  

t h e  v a r i a t i o n s .  F o r  a g i v e n  p e r i o d  i t  i s  however n e a r l y  t h e  same a t  b o t h  

s t a t i o n s  f o r  any one  component. The l a r g e s t  a m p l i t u d e  s e e n  i s  t h a t  f o r  K i r u n a  

Z a t  a b o u t  04h04m ( U . T . ) .  I t  i s  a b o u t  3 y .  I t  s h o u l d  be n o t e d  t h a t  t h e  

d i s t u r b a n c e s  s t a r t  w i t h  an o s c i l l a t i o n  o f  s h o r t  p e r i o d  ( 2 - 4  s e d ,  f o l l o w e d  

by an  o s c i l l a t i o n  o f  l o n g e r  p e r i o d  (12-30  s e d .  

The  b a s i c  d a t a  for  t h e  Alaskan e a r t h q u a k e  are as follows: 

O r i *  t i m e :  March 28, 1964,  03h36m10s U.T. E p i c e n t e r :  61.1°N, 147.8OW. 
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Depth :  a b o u t  20 km. Magni tude :  8 . 5 .  

The  s t a r t i n g  times of t h e  magne t i c  e f f e c t s  as found  on t h e  r e c o r d s  

are:  f o r  K i r u n a  03h45m12s, f o r  Enkzping 03h46m18s. T h e s e  t i m e s  have  

been  compared w i t h  t h e  times o f  a r r i v a l  of  t h e  seismic p waves a t  t h e  

a d j a c e n t  seismic s t a t i o n s  a t  K i r u n a  and  U p p s a l a ;  see Bz th  (1965) .  

d u e  c o r r e c t i o n s  f o r  d i f f e r e n c e s  i n  p o s i t i o n  w e  f i n d  t h a t  t h e  times of t h e  

m a g n e t i c  and t h e  seismic d i s t u r b a n c e s  a g r e e  w i t h i n  a few s e c o n d s .  T h i s  

a p p l i e s  a l so  t o  a number of d e t a i l s  i n  t h e  two k i n d s  o f  r e c o r d s ,  e . g .  t h e  

o c c u r r e n c e o f  long  p e r i o d i c  waves more t h a n  15 m i n u t e s  a f t e r  t h e  s t a r t  o f  t h e  

f i r s t  o s c i l l a t i o n s  and t h e  p h a s e  r e l a t i o n s  between t h e  h o r i z o n t a l  and v e r t i c a l  

components  o f  t h e  R a y l e i g h  waves.  S i m i l a r  r e s u l t s  have  been  conf i rmed by 

s e v e r a l  o t h e r  o b s e r v a t o r i e s  . 

With 

F i g .  2 shows an example of t h e  same d i s t u r b a n c e  as r e c o r d e d  on t h e  

s t a n d a r d  r a p i d - r u n  magnetograph a t  Tucson ,  A r i z o n a  ( U . S .  C o a s t  and G e o d e t i c  

S u r v e y ) .  

2 .  Mature  of r e s p o n s e  

I n  o r d e r  t o  g e t  an independen t  check of t h e  m a g n e t i c  e f f e c t s  d e s c r i b e d  

above ,  m a g n e t i c  r e c o r d s  d e r i v e d  from o t h e r  t y p e s  of  equipment  were i n s p e c t e d .  

I n d u c t i o n  magnetometers  w i t h  c o i l  s e n s o r s  are o p e r a t e d  i n  Ki runa  ( U .  S .  Bureau 

of  S t a n d a r d s  type )  and Uppsa la  (Beniof f  t y p e ) .  N e i t h e r  o f  t h e s e  showed any 

m a g n e t i c  e f f e c t .  On t h e  c o n t r a r y ,  t h e y  i n d i c a t e d  u n u s u a l l y  q u i e t  c o n d i t i o n s .  

Only o n e  e x p l a n a t i o n  of  t h i s  seems t e n a b l e :  t h e  m a g n e t i c  s t a n d a r d  equipment  

w i t h  suspended  magnets  r e s p o n d s  as a se i smograph  t o  t h i s  k i n d  o f  d i s t u r b a n c e .  
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F i g u r e  2 .  E a r t h q u a k e  v i b r a t i o n s  r e c o r d e d  a t  T u c s o n ,  A r i z o n a ,  March 2 8 ,  1 9 6 4 .  
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T h i s  r e s u l t  i s  n o t  so  o b v i o u s  as might  be supposed .  Except  a t  

l o c a t i o n s  which are c l o s e  t o  t h e  e p i c e n t e r ,  t h e  e a r t h ' s  movements are 

v i r t u a l l y  p a r a l l e l  t r a n s l a t i o n s .  Recorded m a g n e t i c  v a r i a t i o n s  imply  

a r o t a r y  mot ion  o f  t h e  suspended  magnet. I t  i s  n o t  immedia t e ly  clear 

how t h e  e a r t h q u a k e  tremor c o u l d  p roduce  such  a mot ion .  

3 .  Thf  r e s p o n s e  o f  H and D v a r i o m e t e r s  

F i g .  3 i l l u s t r a t e s  s c h e m a t i c a l l y  t h e  p e r f o r m a n c e  of  t h e  suspended  

magnet of a D ( d e c l i n a t i o n )  v a r i o m e t e r  b e i n g  s u b j e c t  t o  a h o r i z o n t a l  

v i b r a t i o n .  F o r  s i m p l i c i t y ,  w e  c o n f i n e  o u r s e l v e s  t o  a s i n u s o i d a l  mot ion  

o f  a m p l i t u d e  _a p e r p e n d i c u l a r  t o  t h e  local  m a g n e t i c  m e r i d i a n .  ( E x t e n s i o n  

t o  a more g e n e r a l  mot ion  and to t h e  H v a r i o m e t e r  can e a s i l y  be made). 

The e a r t h  t r e m o r  makes i t se l f  f e l t  as v i b r a t i o n s  of  t h e  t o r s i o n  head  

T where t h e  f i b e r  i s  a t t a c h e d .  It c a u s e s  t h e  magnet t o  d e v i a t e  f rom i t s  

u n p e r t u r b e d  p o s i t i o n  0 and s tar t  p e n d u l a r  o s c i l l a t i o n s .  The magnet h a s  

t h e  mass IJ; L i s  t h e  l e n g t h  of t h e  f i b e r ,  o r  r a t h e r  t h e  d i s t a n c e  between 

T and t h e  c e n t e r  of mass (C) of  t h e  magnet sys t em ( i n c l u d i n g  mir ror  e t c . ) .  

The Y - a x i s  r e p r e s e n t s  t h e  u n d i s t u r b e d  p o s i t i o n  o f  t h e  sys t em a t  t h e  

t i m e  t = O  when t h e  t r emor  b e g i n s .  

on t h e  uppe r  end o f  t h e  f i b e r .  A t  t h e  t i m e  t h e  magnet  (C) h a s  r eached  a 

p o s i t i o n  ( 5 ; ~ ) .  

d i s p l a c e m e n t  be tween T and 0 i s  deno ted  by X' = 5 - X .  

For  t h e  f o l l o w i n g  s h o r t  t i m e  i n t e r v a l  

A h o r i z o n t a l  f o r c e  f. t h e n  s t a r t s  t o  act  

T h a s  t h e n  t h e  p o s i t i o n  ( 5 ; L ) .  The d i f f e r e n c e  i n  h o r i z o n t a l  

w e  have  t h e  e n e r g y  e q u a t i o n  

8 f (dx+dx'  ) = '" d x + r n ( A + g )  dy Ti? dt"  
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F i g u r e  3 .  The m a g n e t i c  s y s t e m  of t h e  D variometer as s e e n  f rom m a g n e t i c  
Sou th .  
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Assuming a s low mot ion  w e  g e t  

and 

f=rr& 
d t2 

f dx' =mgdy 

The las t  t w o  e q u a t i o n s  g i v e  f o r  small o s c i l l a t i o n s  

and d2x  X '  

d t a  =y - 

I f  w e  assume a h o r i z o n t a l  d i s p l a c e m e n t  i n  t h e  m a g n e t i c  East-West 

d i r e c t i o n  of t h e  fo rm 

5 = 2 s i r w t  

w e  g e t  

I n s e r t i n g  t h i s  i n  ( 2 )  w e  g e t  

In d e r i v i n g  t h i s  e q u a t i o n  f o r  t h e  pendulum swing of t h e  magnet  w e  have  

n e g l e c t e d  t h e  damping and t h e  r o t a t i o n  of  t h e  magnet .  T h i s  i s  j u s t i f i e d  

f o r  t h e  small ,  slow v a r i a t i o n s  we  are  s t u d y i n g  h e r e .  F o r  a more g e n e r a l  

a p p r o a c h ,  see Appendix I .  

E q u a t i o n  ( 4 )  can b e  w r i t t e n  

where  w p  i s  t h e  n a t u r a l  pendulum f r e q u e n c y  of  t h e  magnet  sys t em.  
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T'ie s o l u t i o n  c o n t a i n s  a n a t u r a l  v i b r a t i o n  term. T h i s  d i e s  o u t  d u e  

I t o  t h e  damping which a l t h o u g h  small, i s  of c o u r s e  a lways  p r e s e n t  ( a i r  

f r i c t i o n ,  eddy c u r r e n t s ,  e t c . ) .  We a l s o  g e t  a s t e a d y  f o r c e d  v i b r a t i o n  

w e  g e t  t h e  a m p l i t u d e  

ad aT 
$0 = Z L *  

LWP 

S i n c e  

t h i s  can b e  w r i t t e n  

I t  i s  obvious  t h a t ,  due  t o  t h e  pendulum swing ,  t h e  g e o m a g n e t i c  Z f i e l d  

w i l l  have  a component ZJI which i s  p e r p e n d i c u l a r  t o  t h e  p l a n e  t h r o u g h  t h e  

magnet and i t s  a x i s  of r o t a t i o n ,  d e f i n e d  by t h e  f i b e r .  Z$ i n t r o d u c e s  a 

t o r q u e  which f o r  small v a l u e s  of w ,  b r i n g s  t h e  magnet t o  t u r n  u n t i l  i t  r e a c h e s  

an  e q u i l i b r i u m  angle 8 defined by H0 = 24 where  H i s  t h e  h o r i z o n t a l  f i e l d .  

(We are h e r e  n e g l e c t i n g  t h e  t o r s i o n  of t h e  f i b e r ) .  

The magnetographs w i l l  r e c o r d  an  a p p a r e n t  m a g n e t i c  v i b r a t i o n  i n  t h e  D 

component ( r e g a r d l e s s  of s i g n  and p h a s e  ) 
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F o r  o u r  p u r p o s e  w e  can w i t h  s u f f i c i e n t  a c c u r a c y  u s e  g = 980 cm sec-" 

f o r  t h e  whole  e a r t h .  Then (6)  may be w r i t t e n  

AD ADo= - = 4 . O .  lo-" % 
sincut T 

I t  i s  e a s y  t o  show (see Appendix 2) t h a t  w e  w i l l  g e t  e x a c t l y  t h e  

same e q u a t i o n  f o r  A H  i f  a s i g n i f i e s  t h e  a m p l i t u d e  of  an e a r t h  t r e m o r  i n  

t h e  d i r e c t i o n  of t h e  l o c a l  m a g n e t i c  m e r i d i a n .  The r e s u l t s  also a p p l y  t o  

X and Y v a r i o m e t e r s .  

I t  i s  t h u s  s e e n  t h a t  t h e  recorded m a g n e t i c  trace w i l l  show a v i b r a t i o n  

w i t h  t h e  same p e r i o d  as t h e  e a r t h q u a k e  waves. I t s  a m p l i t u d e  i s  d e t e r m i n e d  

by t h e  p e r i o d  and t h e  a m p l i t u d e  of  t h e  e a r t h  movements, and t h e  l o c a l  m g n e t i c  

f i e l d .  F o r  a c t u a l  e v a l u a t i o n  t h e  m a g n e t i c  scale  v a l u e  must  also be known. 

E q u a t i o n  (6 )  i s  v a l i d  as long  a s  T i s  l o n g  compared w i t h  t h e  n a t u r a l  

p e r i o d s  of  t h e  pendulum (Tp) 

g e n e r a l l y  f u l l f i l l e d  f o r  t h e  long  p e r i o d i c  seismic s u r f a c e  waves.  F o r  t h e  

s h o r t  p e r i o d i c  waves t h e  e x p r e s s i o n s  g e t  somewhat more c o m p l i c a t e d .  See  

Appendix 1. 

4. R e i d ' s  approach  

and of t h e  magnet ( T M ~ .  T h i s  c o n d i t i o n  i s  

-- Reid  (1914)  h a s  a l s o  a t t a c k e d  t h e  problem of t h e  r e s p o n s e  of suspended  

magne t s  t o  e a r t h  v i b r a t i o n s .  H e  has somewhat ex tended  an ear l ie r  i n v e s t i -  

g a t i o n  by L i z n a r  ( 1 8 9 5 ) .  An o u t l i n e  of R e i d ' s  argument  w i l l  be g i v e n  h e r e .  

F o r  t h e  s y s t e m  a t  r e s t  t h e  p o i n t  of s u p p o r t  (PI where t h e  f i b e r  i s  
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a t t a c h e d  t o  t h e  magnet sys t em i s  g e n e r a l l y  n o t  i n  t h e  same v e r t i c a l  l i n e  

as t h e  c e n t e r  of mass (C) of  t h e  magnet sys t em.  When t h e  sys t em p e r f o r m s  

p e n d u l a r  o s c i l l a t i o n s  t h e  t e n s i o n  of  t h e  f i b e r  may b e  r e s o l v e d  i n  a v e r t i c a l  

and  a h o r i z o n t a l  p a r t .  Re id  assumes  t h a t  t h e  l a t t e r  p a r t  w i l l  t e n d  t o  t u r n  

t h e  magnet about  C .  S i n c e  t h e  t e n s i o n  e q u a l s  t h e  w e i g h t  of t h e  magnet sys t em 

t h e  t o r q u e  would b e  ( l e a v i n g  o u t  second order  e f f e c t s )  

mgY c ( 8 )  

where  - c i s  t h e  ( h o r i z o n t a l )  d i s t a n c e  be tween P and C .  

Re id  f u r t h e r  assumes t h a t  t h e  d i s t a n c e  .- c can  be d e t e r m i n e d  by e q u a t i n g  

t h e  o p p o s i n g  t o r q u e s  from t h e  g r a v i t a t i o n  and  t h e  m a g n e t i c  Z f i e l d .  When 

t h e  magnet i s  h o r i z o n t a l  t h i s  g i v e s  

ZM 
1% 

c=-- 

where  M i s  t h e  m a g n e t i c  moment. 

On t h e  bas i s  of t h e  p r e v i o u s  a s s u m p t i o n s  Reid d e r i v e s  t h e  f o r m u l a s  f o r  

f r e e  o s c i l l a t i o n s  (damped and undamped) and a l so  f o r  f o r c e d  o s c i l l a t i o n s  d u e  

t o  e a r t h  t r e m o r .  He r e s t r i c t s  h i m s e l f  t o  t h e  cases when t h e  p e r i o d s  of t h e  

e a r t h q u a k e  waves c l o s e l y  a g r e e  w i t h  t h e  p e r i o d  of t h e  p e n d u l a r  or t h e  m a g n e t i c  

o s c i l l a t i o n .  

I t  i s  d o u b t f u l ,  however ,  i f  t h e  r e a s o n i n g  of L i z n a r  and Re id  i s  t e n a b l e  

i n  t h e  case of  a suspended  magnet .  The  o n l y  force ,  e x c e p t  Z ,  h a v i n g  a com- 

ponen t  p e r p e n d i c u l a r  t o  t h e  p l a n e  t h r o u g h  t h e  m a g n e t i c  a x i s  and t h e  a x i s  of 
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r o t a t i o n  (assumed t o  c o i n c i d e  w i t h  the  f i b e r )  and t h u s  c a p a b l e  of p r o d u c i n g  

a r o t a t i o n ,  i s  t h e  g r a v i t y  f o r c e  mg. But  s i n c e  mg a c t s  a t  t h e  c e n t e r  of  

g r a v i t y  no  r o t a t i o n  o c c u r s .  A l s o ,  t h e  e x p r e s s i o n  f o r  o v e r l o o k s  t h e  

s t i f f n e s s  of t h e  ( q u a r t z )  f i b e r  which i s  p r o b a b l y  i m p o r t a n t .  

S o l v i n g  R e i d ' s  e q u a t i o n s  f o r  t h e  l o n g  p e r i o d i c  case ( c f  S e c t i o n  5) 

w e  o n c e  more g e t  t h e  r e s u l t  ( 6 1 ,  i n  s p i t e  of  t h e  d i f f e r e n t  mechanisms assumed.  

I f  b o t h  mechanisms were e f f e c t i v e  s i m u l t a n e o u s l y  t h e y  would i n  f a c t  g i v e  twice 

t h e  e f f e c t  ( 6 ) .  P i  w i l l  h e  s e e n  i n  l a te r  s e c t i o n s  most o b s e r v a t i o n s  seem t o  

a g r e e  be t te r  w i t h  t h e  d e v i a t i o n  AD than w i t h  2 i \D.  

mechanism i n t r o d u c e d  i n  t h i s  p a p e r  a p p e a r s  t o  be an i n e v i t a b l e  consequence  of  t h e  

pendulum swings  i t  i s  p r o b a b l y  t h e  only  e f f e c t i v e  mechanism. 

S i n c e  t h e  m a g n e t i c  t o r q u e  

I t  i s  p o s s i b l e  t o  c o n c e i v e  such  d e v i a t i o n s  f rom t h e  t y p e s  of o s c i l l a t i o n s  

assumed h e r e  t h a t  R e i d ' s  approach  would be a t  l eas t  p a r t l y  a p p l i c a b l e .  One 

s u c h  d e v i a t i o n  i s  t h a t  t h e  a x i s  o f  r o t a t i o n  d o e s  n o t  c o i n c i d e  w i t h  t h a t  o f  

t h e  f i b e r .  However, t h i s  a l t e r n a t i v e  seems u n l i k e l y  f o r  t h e  small o s c i l l a t i o n s  

c o n s i d e r e d  h e r e .  

I f  c # 0 f o r  a suspended  magnet a mechan ica l  t o r q u e  i s  i n t r o d u c e d  by 

t h e  motnent o f  i n e r t i a  o f  t h e  f i b e r  c o n s i d e r e d  as r i g i d .  I n  t h e  p r a c t i c a l  

case however ,  t h i s  g i v e s  an ampl i tude  s e v e r a l  o r d e r s  of magni tude  smaller 

t h a n  t h a t  o f  OD i n  ( 6 ) .  

A s  p o i n t e d  o u t  by Reid t h e  H and D v a r i o m e t e r s  would b e  s e n s i t i v e  t o  

v e r t i c a l  e a r t h - m o t i o n s  of p e r i o d  T only  i f  Tp i s  commensurate w i t h  T .  Thus 

w e  need  n o t  c o n s i d e r  t h i s  e f f e c t  he re .  
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5 .  The  compass n e e d l e  

The  e x p r e s s i o n  (9) i s  e x a c t l y  v a l i d  i n  t h e  case of  a compass n e e d l e  

p i v o t i n g  a b o u t  a v e r t i c a l  p i n .  I t  i s  t h e r e f o r e  of a c e r t a i n  i n t e r e s t  t o  

s t u d y  t h e  a p p a r e n t  m a g n e t i c  v a r i a t i o n  d u e  t o  ( 9 ) .  

The  t o r q u e  due  t o  t h e  e a r t h  t r e m o r  c a u s e s  t h e  magnet t o  s e e k  a new 

p o s i t i o n  of e q u i l i b r i u m  d e f i n e d  by 

equ i 

H e r  e w e  

r a l e n t  t 

% C = M H ~  

have assumed t h a t  c(@f3/d?)<<d25/dt? and T ~ < T .  He i s  

an EW d i s t u r b a n c e  A D .  I n s e r t i n g  ( 3 )  and (9 )  i n  t h i s  e x p r e s s i o n  

w e  g e t  

T h i s  i s  the  e x p r e s s i o n  ( 6 ) .  Thus a suspended  magnet  and a compass n e e d l e  

r e spond  i n  t h e  same way. 

t h e  same r e s p o n s e .  

6 .  Numer ica l  v a l u e s  

The r e s u l t  a lso i n d i c a t e s  why R e i d ' s  approach  g i v e s  

F o r  E 0 . 4 7  g a u s s  (S tockholm area) e q u a t i o n  ( 7 )  y i e l d s  

Accord ing  t o  B2th  (1965) the E component of t h e  M waves r e c o r d e d  a t  

Uppsa la  a f t e r  t he  Alaskan  e a r t h q u a k e  had t h e  a m p l i t u d e  a =0.226 c m  and t h e  

p e r i o d  T=22 see. I n s e r t i n g  t h i s  i n  (10)  g i v e s  AD=0.88y. 

The  a c t u a l  maximum v a l u e s  o f  A D o  o b s e r v e d  a t  t h e  t w o  a d j a c e n t  m a g n e t i c  
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o b s e r v a t o r i e s  Lovb. and Enkb'ping a r e  r e s p e c t i v e l y ,  0 . 8 ~  and 0 . 9 ~ .  

i s  22  sec. The ag reemen t  i s  good c o n s i d e r i n g  t h a t  t h e  r e c o r d e d  m a g n e t i c  

v a r i a t i o n s  h a v e  a m p l i t u d e s  of  o n l y  abou t  1 mm o r  less.  

The p e r i o d  

Ti i rn ing  t o  t h e  H component at Lovb'we f i n d  t h a t  t h e  a m p l i t u d e  of t h e  

s i m u l t a n e o u s  H v a r i a t i o n s  i s  1 . 0 ~ .  The c o r r e s p o n d i n g  p e r i o d  i s  a b o u t  2 2  sec. 

Accord ing  t o  (10) t h i s  g i v e s  a d i s p l a c e m e n t  a m p l i t u d e  i n  t h e  N S  d i r e c t i o n  

aN = AHnp = 0.26cm 
1 .88-103 

C o n s i d e r i n g  t h e  g e o g r a p h i c a l  p o s i t i o n  o f  t h e  s t a t i o n  t h i s  would r o u g h l y  

a g r e e  w i t h  t h e  a m p l i t u d e  of t h e  h o r i z o n t a l  component of t h e  R a y l e i g h  waves .  

The c o r r e s p o n d i n g  v e r t i c a l  component would b e  a b o u t  0.44cm, assuming t h e  

r a t i o  1 . 7  be tween t h e  v e r t i c a l  and  t h e  h o r i z o n t a l  d i s p l a c e m e n t s .  

7 .  Z v a r i o m e t e r  

The  c o n v e n t i o n a l  Z v a r i o m e t e r  c o n s i s t s  of a h o r i z o n t e l  magnet r o t a t i n g  

a b o u t  a h o r i z o n t a l  a x i s  d e f i n e d  by k r : l f e  e d g e s  o r  f i b e r s .  I n  t h i s  case an 

e a r t h q u a k e  d o e s  n o t  i n i t a i t e  a pendulum swing .  The r e s p o n s e  i s  who l ly  dependen t  

on t h e  s e p a r a t i o n  be tween t h e  p i v o t  a x i s  and t h e  c e n t e r  of mass. 

T h i s  s e p a r a t i o n  can be  r e s o l v e d  i n t o  a p a r t  c p a r a l l e l  t o  t h e  m a g n e t i c  

a x i s ,  and a p a r t  p e r p e n d i c u l a r  t o  t h e  a x i s  ( see  F i g .  4 ) .  The  f o r m e r  p a r t  

i s  r i g o r o u s l y  d e t e r m i n e d  by ( 9 ) .  The p a r t  d e c i d e s  t h e  s e n s i t i v i t y  of t h e  

v a r i o m e t e r .  F o r  h = 0 t h e  magnet becomes u n s t a b l e  i f  d i r e c t e d  i n  m a g n e t i c  

EW. 

F i g .  4 p i c t u r e s  an EW-oriented Z magnet ( o f  mass and moment of  i n e r t i a  

I) i n  two p o s i t i o n s .  Due t o  an e a r t h - t r e m o r  t h e  p i v o t - p o i n t  P i s  d i s p l a c e d  



U 
C 
a, 
L 
a, 

W 
W 
.A a I 

0 
3 
U 

C 
.r( .. 
c 
U 
3 
0 
v) 

a, 

5 

C 
0 



c 

I - 13 - 

v e r t i c a l l y  a d i s t a n c e  5 .  T h e  c e n t e r  of  mass C moves t h e  d i s t a n c e  y and 

t h e  magnet  t u r n s  a small a n g l e  0 .  T h i s  g i v e s  t h e  c o n n e c t i o n  

5 = y + Ce = a s imt  

I f  f i s  t h e  v e r t i c a l  f o r c e  a c t i n g  a t  P w e  g e t  ( n e g l e c t i n g  damping) 

dy + mgh0d0 + I--d8 8 8  
d? 

A f t e r  s e p a r a t i o n  o f  t r a n s l a t i o n a l  and r o t a t i o n a l  terms t h e s e  e x p r e s s i o n s  

g i v e  

I- 8 0  + mgh0 = -mcaw%incut 
dt? 

The s t a t i o n a r y  s o l u t i o n  i s  f o r  sma l l  v a l u e s  ( r e g a r d l e s s  of  s i g n  and phase)  

where  

I t  may b e  shown t h a t  a h o r i z o n t a l  e a r t h  t r e m o r  asinwt a l o n g  t h e  a x i s  of  t h e  

magnet  would g i v e  t h e  same e x p r e s s i o n s  f o r  8 b u t  w i t h  c r e p l a c e d  by h .  - 

The d i s c u s s i o n  can be  ex tended  t o  t h e  case of a Z magnet of a r b i t r a r y  

o r i e n t a t i o n .  T h i s  i s  done  by adding  t h e  term MHQcoSrv t o  t h e  l e f t  side of 

t h e  d i f f e r e n t i a l  e q u a t i o n  (a  = magne t i c  a z i m u t h ) .  The r e s u l t  (11) rema ins  

f o r m a l l y  t h e  same, w i t h  

Tpf = h-? I 
mgh + MHcos~r 

( 1 2) 

F o r  a q u a l i t a t i v e  d i s c u s s i o n  of  t h e  pe r fo rmance  of t h e  2 b a l a n c e  unde r  

r e s o n a n c e  c o n d i t i o n s ,  see Reid (1914).  
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8 . Numerical  check o f  Z 

The a p p a r e n t  m a g n e t i c  d e v i a t i o n  c o r r e s p o n d i n g  t o  t h e  v e r t i c a l  

n u t i o n  i s  

AZV = SZ8 

where Sz i s  t h e  m a g n e t i c  s c a l e - v a l u e  d e f i n e d  by 

- mgh + MH cos(y 
s z  - M 

g a u s s  
r a d i a n  

The e x p r e s s i o n s  (91 ,  (111, ( 1 2 1 ,  (13 )  and (14 )  now y i e l d  

(13) 

(14) 

T h i s  i s  e x a c t l y  t h e  same e x p r e s s i o n  as t h a t  d e r i v e d  f o r  t h e  D and 

H magnetometers  and t h e  m a g n e t i c  compass.  F o r  a h o r i z o n t a l  e a r t h  motion 

i n  t h e  d i r e c t i o n  of t h e  magnet w e  g e t  

“Zh = - h - 4rr2aZ s imt  
c g t 2  

( 1 5  ’ )  

When - as i s  o f t e n  t h e  case - h << c y  AZh may b e  n e g l e c t e d  i n  comparison 

w i t h  A Z v .  O t h e r w i s e ,  t h e  Z trace d i s p l a y s  a combined v e r t i c a l  and h o r i z o n t a l  

mo t ion .  

A t  t h e  Lovo O b s e r v a t o r y  ( Z  = 0 . 4 7  g a u s s )  t h e  r a t i o  h : c  i s  rough ly  

0 . 2 5 .  The f o l l o w i n g  v a l u e s  were obse rved  a t  one  p h a s e  of t h e  e a r t h q u a k e :  

OZ = 1 . 4 y ,  T = 2 2  sec.  

I n s e r t i n g  i n  (15) w e  g e t  
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a = 0 . 3 6  c m  

T h i s  i s  t o  b e  compared w i t h  t h e  v a l u e  0.44 c m  o b t a i n e d  i n  S e c t i o n  5 

as a rough estimate from t h e  obse rved  h o r i z o n t a l  a m p l i t u d e  of t h e  R a y l e i g h  

waves.  

9 .  Magnetographs as supp lemen ta ry  s e i s m o g r a p h s  

When l o o k i n g  f o r  wor ld  wide  s e i s m i c  d a t a  a s s o c i a t e d  w i t h  t h e  Alaskan  

e a r t h q u a k e  of  March 2 8 ,  1 9 6 4 ,  t h e  p r e s e n t  wri ter  c o u l d  n o t  a v o i d  o b s e r v i n g  

t h e  g r e a t  number of  cases when the  s e i s m o g r a p h s  ( s h o r t  p e r i o d i c  and long  

p e r i o d i c )  f a i l e d  t o  r e c o r d  p r o p e r l y  t h e  l a r g e  s u r f a c e  waves s t u d i e d  h e r e .  

E i t h e r  t h e  seismograms d i s p l a y e d  a c o n f u s i o n  o f  t races  i m p o s s i b l e  t o  d i s -  

e n t a n g  le, o r  t h e  traces d i  s appea red  a1 t o g e t h e r .  

I n  most cases u s e  h a s  t h e r e f o r e  been  made of t h e  nomogram f o r  t h e  maximum 

ground  a m p l i t u d e  as a f u n c t i o n  of e a r t h q u a k e  magn i tude  and d i s t a n c e  f rom 

s o u r c e ,  compi led  by Gu tenbe rp  and R i c h t e r  ( 1 9 5 6 ) .  I t  p e r t a i n s  t o  t h e  combined 

h o r i z m t a l  components f o r  s u r f a c e  waves o f  20-second p e r i o d .  

The  g e n e r a l  i m p r e s s i o n  i s  t h a t  f o r  e a r t h q u a k e s  l i k e  t h e  Alaskan  e v e n t  a 

net  of u l t r a - l o w - s e n s i t i v i t y  se i smographs  would be needed .  The e x i s t i n g  

s t r o n g - m o t i o n  i n s t r u m e n t s  ( l i k e  t h o s e  on t h e  American west c o a s t )  d o  n o t  

p r o v i d e  a s a t i s f a c t o r y  c o v e r a g e .  

I n  t h i s  s i t u a t i o n  t h e  r a p i d - r u n  s t a n d a r d  r e c o r d e r s  o f  t h e  g e o m a g n e t i c  

o b s e r v a t o r i e s  may i n  some c a s e s  be  u s e f u l  as a supplement  t o  t h e  seismic 

ne twork .  

800 f rom t h e  s o u r c e .  A s  may b e  s e e n  f rom t h e  r e s p o n s e  e q c a t i o n s  d e r i v e d  

The magnetographs  should  b e  of  v a l u e  w i t h i n  a r a n g e  of a b o u t  300 - 
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f o r  l o n g - p e r i o d i c  seismic waves t h e y  can b e  made q u a n t i t a t i v e  t h r o u g h  t h e  

d e t e r m i n a t i o n  of a few i n s t r u m e n t a l  c o n s t a n t s  (most of  which  h a v e  t o  be 

known anyhow). With some a d d i t i o n a l  work ( i n c l u d i n g  d e t e r m i n a t i o n  of  t h e  

damping c o n s t a n t )  a " m a g n i f i c a t i o n  curve" cou ld  be d e r i v e d  f o r  p e r i o d s  down 

t o  a b o u t  5 sec .  The time r e s o l u t i o n  of  t h e  m a g n e t i c  r e c o r d s  i s ,  however ,  

g e n e r a l l y  n o t  s u f f i c i e n t  f o r  s t u d i e s  of t h e  s h o r t  p e r i o d i c  waves .  

E v i d e n t l y ,  t h e  m a g n e t i c  r e c o r d s  cou ld  be u s e d  f o r  t h i s  p u r p o s e  o n l y  

a t  times when t h e  m a g n e t i c  c o n d i t i o n s  are r e a s o n a b l y  q u i e t .  The Alaskan  

e a r t h q u a k e  f o r  example o c c u r r e d  i n  a v e r y  q u i e t  p e r i o d .  E s p e c i a l l y  i n  

y e a r s  of  sunspot minima such  e v e n t s  would n o t  b e  rare. 

The  method should h a v e  u n r e s t r i c t e d  a p p l i c a t i o n  t o  t h e  h o r i z o n t a l  wave 

components .  Z - r e c o r d s  c o u l d  b e  u s e d  f o r  e v a l u a t i o n  of v e r t i c a l  movements 

when O > h ,  which i s  o f t e n  t h e  case ( a n  i m p o r t a n t  e x c e p t i o n  b e i n g  when t h e  

n o r t h  s e e k i n g  end of  t h e  magnet p o i n t s  i n  a s o u t h e r l y  d i r e c t i o n  ) .  

The p h a s e  a n g l e s  ( n e g l e c t e d  i n  t h e  p r e v i o u s  d i s c u s s i o n )  are e a s i l y  

d e t e r m i n e d  from t h e  i n s t r u m e n t  c o n s t a n t s .  

w e  h a v e  6 =O f o r  a l l  components .  The r e l a t i o n  be tween t h e  d i r e c t i o n  o f  t h e  

e a r t h  movement and t h e  r e c o r d e d  d e v i a t i o n  h a s  t o  b e  e s t a b l i s h e d  f o r  each  

i n d i v i d u a l  i n s t r u m e n t .  

I n  t h e  case D > T p  and T>>T, 

S i n c e  t h e  a m p l i t u d e s  of  t h e  seismic A D ,  A H ,  and AZ are p r o p o r t i o n a l  

t o  Z ,  t h e  o b s e r v a t i o n s  would b e  c o n f i n e d  t o  t h o s e  p o r t i o n s  o f  t h e  e a r t h  

where Z i s  s u f f i c i e n t l y  l a r g e .  

mined by t h e  s c a l e - v a l u e  of t h e  i n s t r u m e n t s .  I n  Huancayo where i s  o n l y  

a b o u t  1 0 0 9 ,  no seismic e f f e c t  f rom t h e  Alaskan  e a r t h q u a k e  c o u l d  b e  o b s e r v e d .  

The p o s i t i o n  o f  t h e  b o r d e r - l i n e s  is  d e t e r -  
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The combined h o r i z o n t a l  g round  ampl i tude  w a s  a b o u t  2 . 3  mm and would h a v e  

been  o b s e r v e d  a t  s t a t i o n s  on medium h i g h  n o r t h  o r  s o u t h  l a t i t u d e s .  

Q u e s t i o n s  such  as t h e  p o s i t i o n s  o f  t h e  o b s e r v a t o r i e s ,  g round c o n d i t i o n s  

e t c . ,  must o f  c o u r s e  a l s o  be con templa t ed .  A l i s t  o f  o b s e r v a t o r i e s  

o p e r a t i n g  m a g n e t i c  r e c o r d e r s  s u i t a b l e  as s u p p l e m e n t a r y  se i smographs  cou ld  

p e r h a p s  b e  compi led  th rough  a p p r o p r i a t e  b o d i e s  w i t h i n  t h e  I U G G .  

The  i n s t r u m e n t  t h e o r y  p r e s e n t e d  above  s p e c i f i c a l l y  p e r t a i n s  t o  con- 

v e n t i o n a l  v a r i o m e t e r s .  I t  i s  p robab ly  a lso a p p l i c a b l e  t o  p u l s a t i o n  r e c o r d e r s  

of t h e  G r e n e t - V o e i k e r  t y p e  ( F i g .  1 ) .  I n  t h e s e  t h e  p r i m a r y  f i e l d  s e n s o r s  

are magne t s ,  t h e  r o t a t i o n  of which i n d u c e s  c u r r e n t s  i n  a s u r r o u n d i n g  c o i l .  

A l though  t h e  p u r e  pendulum swing of  t h e  H o r  D magnets  would p roduce  c u r r e n t s ,  

t h e  r o t a t i o n  i s  p r o b a b l y  t h e  main c o n t r i b u t o r .  T h i s  i s  conf i rmed ,  a t  least  

f o r  p e r i o d s  above 20 sec,  by compar is ion  w i t h  a d j a c e n t  LaCour i n s t r u m e n t s .  

A c h a i n  of  p u l s a t i o n  r e c o r d e r s  h a s  r e c e n t l y  been  e s t a b l i s h e d  i n  Europe .  

10. S u g g e s t e d  e x p e r i m e n t s  

F o r  an e x p e r i m e n t a l  c o n t r o l  of t h e  r e s p o n s e  of  m a g n e t i c  i n s t r u m e n t s  

t o  v i b r a t i o n s ,  a movable s u p p o r t  would b e  needed .  I t  shou ld  p e r f o r m  smooth 

s i n u s o i d a l  movements ( h o r i z o n t a l  or v e r t i c a l  ) w i t h  an a m p l i t u d e  o f ,  say ,  l c m  

and p e r i o d s  a p p r o x i m a t e l y  w i t h i n  t h e  r a n g e  of  10-50 sec. The pe r fo rmance  

of t h e  magnet c o u l d  b e  s t u d i e d  e i t h e r  by means o f  a s p l i t  p h o t o c e l l  r e c o r d e r ,  

o r  s imply  by o b s e r v a t i o n s  w i t h  an  a u t o c o l l i m a t o r  mounted on t h e  i n s t r u m e n t ,  

F o r  h o r i z o n t a l  v a r i o m e t e r s  i t  would p r o b a b l y  b e  s u f f i c i e n t  t o  make 

c a l i b r a t i o n s  f o r  e a c h  t y p e  of  suspended sys t em (Ruska ,  LaCour,  e t c . ) ,  t h e  

v a r i a t i o n s  b e i n g  small .  
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By making t h e  e x p e r i m e n t  i n s i d e  a Helmhol tz  c o i l  t h e  e f f e c t  of Z on 

t h e  r e s p o n s e  of t h e  h o r i z o n t a l  v a r i o m e t e r s  cou ld  b e  checked .  

D e v i a t i o n s  from t h e  t h e o r e t i c a l  a m p l i t u d e  f o r m u l a e  might  b e  e x p e c t e d  

i n  cases when t h e  l a te ra l  r i g i d i t y  of t h e  f i b e r  i s  i m p o r t a n t  i n  comparison 

w i t h  t h e  mass of  t h e  magnet .  The l i k e l i h o o d  of  t h i s  s h o u l d  g e n e r a l l y  b e  

g r e a t e r  f o r  H t h a n  f o r  D v a r i o m e t e r s .  

Comparisons between magnetograms and seismograms (Levy - Uppsala)  

i n d i c a t e  t h a t  t h e  d i f f e r e n c e s  between t h e o r e t i c a l  and e x p e r i m e n t a l  r e s p o n s e  

might  b e  s m a l l ,  i n  many cases p r o b a b l y  i n s i g n i f i c a n t .  

S i n c e  the  obse rved  v i b r a t i o n s  are due  t o  a m a g n e t i c  t o r q u e ,  t h e  r e s u l t  

of  t h e  expe r imen t  of Moureaux and Mascart (men t ioned  i n  t h e  " I n t r o d u c t i o n " )  

i s  t o  b e  e x p e c t e d .  I t  s u p p o r t s  t h e  t h e o r y  p r e s e n t e d  i n  t h i s  p a p e r .  

11. Worldwide o b s e r v a t i o n s  

T a b l e  1 l i s t s  t h e  o b s e r v e d  maximum h o r i z o n t a l  d i s p l a c e m e n t s  f o r  t h e  

Alaskan  e v e n t  as  d e r i v e d  f rom t h e  magne t i c  r e c o r d s  of a number of o b s e r v a -  

t o r i e s .  The  o b s e r v a t o r i e s  are a r r a n g e d  a c c o r d i n g  t o  d i s t a n c e  f rom t h e  

e p i c e n t e r  (61.1°N, 147.8OW). 

The t a b l e  g i v e s  c a l c u l a t e d  a m p l i t u d e s  and p e r i o d s  f o r  most of t h e  

o b s e r v a t o r i e s  t h a t  s u p p l i e d  m i c r o f i l m  c o p i e s  of  t h e i r  r a p i d - r u n  magneto- 

grams t o  World Data C e n t e r  A b e f o r e  March 1965. I n  some cases t h e  q u a l i t y  

of  t h e  r e p r o d u c t i o n  d i d  n o t  a l l o w  q u a n t i t a t i v e  measurements .  Magnetograms 

f rom s t a t i o n s  c l o s e  t o  t h e  e p i c e n t e r ,  l i k e  C o l l e g e ,  S i t k a ,  and Barrow cou ld  

not  b e  used  f o r  d e t e r m i n a t i o n s  of  M a m p l i t u d e s  b e c a u s e  t h e y  were t o o  d i s t u r b e d .  

1 C o l l e g e  r eco rded  m i n o r  t r e m o r s  f o r  s e v e r a l  h o u r s  a f t e r  the  main e a r t h q u a k e .  
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1 2 .  Response  o f  o t h e r  k i n d s  of i n s t r u m e n t s  

A s  a r e s u l t  of a wor ld -wide  r e q u e s t  a number o f  o b s e r v a t o r i e s  k i n d l y  

s e n t  c o p i e s  of t h e i r  r e c o r d i n g s  showing v a r i o u s  d e g r e e s  o f  r e s p o n s e  t o  t h e  

seismic waves.  I n  some cases t h e  r e c o r d s  were accompanied by v a l u a b l e  

comments. To  p r e s e n t  a l l  t h e  r e c o r d s  h e r e  would b e  useless r e p e t i t i o n ,  

I t  w i l l  be s u f f i c i e n t  t o  r e p r o d u c e  some r e s u l t s  o b t a i n e d  a t  t h e  Niemegk 

o b s e r v a t o r y  ( l a t . 52 '04 'N ,  l o n g .  12'40'E) and k i n d l y  s u p p l i e d  by F a n s e l a u ,  

G r a f e ,  Schmid t  ( P r i v a t e  Communicat ion,  1964) . 

F i g .  5 a  shows t h e  e f f e c t  on t h e  o b s e r v a t o r y ' s  i n s e n s i t i v e  s y s t e m .  

T h i s  i s  more o r  less  t y p i c a l  of  t h e  a p p e a r a n c e  on no rma l - speed  magne tographs .  

The  p o o r  t i m e  r e s o l u t i o n  d o e s  n o t  p e r m i t  q u a n t i t a t i v e  measurements .  

F i b .  5b i s  t h e  r e c o r d  o f  a n  i n d u c t i o n  magnetometer  w i t h  t h r e e  l a r g e  

p i c k u p  c o i  I s  connec ted  t o  ga lvanomete r s  r e c o r d i n g  p h o t o g r a p h i c a l l y  . The 

c o i l s  are "air-  cci ls"  w i t h o u t  c o r e s .  I t  i s  r emarkab le  t h a t  t h i s  i n s t a l l a t i o n  

h a s  r e c o r d e d  t h e  e a r t h q u a k e  d i s t u r b a n c e ,  w i t h  o n s e t  t i m e  0347 U.T.  I t  i s  i n  

a l l  p r o b a b i l i t y  a "se ismograph e f f e c t " .  I t  i s  p o s s i b l e  t h a t  t h e  g a l v a n o m e t e r s  

are r e s p o n s i b l e  f o r  t h i s .  I f  n o t ,  t h e  v i b r a t i o n s  must have  caused  some 

k i n d  of  d i s t o r t i o n  o f  t h e  c o i l s ,  changing  t h e  m a g n e t i c  f l u x .  AS ment ioned  

before t h e  c o i l - i n s t r u m e n t s  iii Uppsala  and K i r u n a  d i d  n o t  r e spond  t o  t h e  

e a r t h q u a k e .  

F i g .  5c shows t h e  EW component of t h e  Niemegk r a p i d - r u n  e a r t h - c u r r e n t  

r e c o r d e r .  Rapid  v i b r a t i o n s ,  h a r d l y  d i s c e r n i b l e  i n  r e p r o d u c t i o n ,  s ta r t  at 

t h e  t i m e  i n d i c a t e d  by t h e  a r row.  T e l l u r i c  e f f e c t s  of  e a r t h q u a k e s  w i l l  b e  

d i s c u s s e d  i n  t h e  l a te r  p a r t  of  t h i s  p a p e r .  
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F i g u r e  5 .  Magnet ic  and e l e c t r i c  r e c o r d s  from Niemegk, Germany, March 28 ,  1964. 
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E .  S e l z e r  ( P r i v a t e  Communication , 1964) r e p o r t s  of  o b s e r v a t i o n s  

a t  t h e  F r e n c h  O b s e r v a t o r y  Chambon- l a - F o r e t  . T h i s  o b s e r v a t o r y  o p e r a t e s  

a 3-component  c o i l  magnetometer  wi th  mumetal c o r e s  ( " b a r - f  luxmeters") ' .  

O s c i l l a t i o n s  a p p e a r  p r a c t i c a l l y  only  i n  t h e  Z component ,  whereas  n o r m a l l y  

H and D are  much more d i s t u r b e d  than  Z .  The Z v a r i a t i o n s  are v e r y  similar 

t o  t h e  seismic d i s t u r b a n c e s .  S e l z e r  b e l i e v e s  t h a t  t h e  v e r t i c a l  b a r  a c t e d  

as a k i n d  of  g r a v i t y  i n c l i n o m e t e r ,  f o l l o w i n g  t h e  s l i g h t  i n c l i n a t i o n  o f  

t h e  g r o u n d .  

J .  C .  Noyes : epor t s  s imi la r  o b s e r v a t i o n s  on t h e  r e c o r d  of  a c o i l - c o r e  

i n s t a l l a t i o n  o p e r a t e d  by Boeing S c i e n t i f i c  R e s e a r c h  L a b o r a t o r i e s ,  S e a t t l e ,  

Washington .  So d o e s  2 .  E .  Lokken of P a c i f i c  Naval  L a b o r a t o r y ,  Canada ,  

( P r i v a t e  Communicat ions,  1965) . 

Even i f  t h e  m a g n e t i c  f i e l d  s e n s o r  i s  i n s e n s i t i v e  t o  v i b r a t i o n s  t h e  

r e c o r d i n g  equipment  ( e . g .  a pen r e c o r d e r )  may r e s p o n d .  A t  t h e  Geophys ica l  

I n s t i t u t e ,  C o l l e g e ,  A l a s k a ,  a h e l i x  y a g n e t o m e t e r  was i n  o p e r a t i o n  d u r i n g  

t h e  e a r t h q u a k e .  A s  may b e  s e e n  on F i g .  6 i t  reacted v i o l e n t l y  t o  t h e  

e a r t h  t r e m o r .  Accord ing  t o  - Mat": - ( P r i v a t e  Communicat ion,  1964)  t h e  

magnetometer  r e c o r d e r  a c t e d  as a poor seismometer. Most of  t h e  d i s t u r b e d  

p a r t  o f  t h e  r e c o r d  i s  t h e r e f a r 2  a se ismograph e f f e c t .  The c o n t e n t  of  real  

m a g n e t i c  e i i ec t  i s  p r o b a b l ; ~  i m p o s s i b l e  t o  d e t e r m i n e .  

13. C o n c l u s i o n  

The  r e s p o n s e  of t h e  s t a n d a r d  p h o t o g r a p h i c  magnetographs  and many 

o t h e r  k i n d s  of equipment  i s  a Seismograph e f f e c t .  Any real m a g n e t i c  

v a r i a t i o n s  a s s o c i a t e d  w i t h  e a r t h q u a k e s  are p r o b a b l y  t o o  small t o  b e  
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r e c o r d e d  by t h e  s t m d a r d  i n s t r u m e n t s .  The suspended  m a g n e t i c  s y s t e m  

h a s  o b v i o u s  s imi la r i t i es  w i t h  t h e  s e i s m i c  equipment  and can  i n  f a c t  

b e  u s e d  as an  u l t r a - l o w - s e n s i t i v i t y  seismic r e c o r d e r .  With l i t t l e  

o r  no  a d d i t i o n a l  e f f o r t  some magne t i c  o b s e r v a t o r i e s  cou ld  o p e r a t e  as 

supp lemen ta ry  seismic s t a t i o n s  a t  t h e  t i m e s  o f  g r e a t  e a r t h q u a k e s ,  n o t  

c o i n c i d i n g  w i t h  a p p r e c i a b l e  magne t i c  a c t i v i t y .  One good example of 

t h i s  i s  t h e  Alaskan  e a r t h q u a k e  of  March 28, 1964.  

Appendix 1. 

A more g e n e r a l  d e r i v a t i o n  of  t h e  r e s p o n s e  e x p r e s s i o n  of  t h e  D 

v a r i o m e t e r  w i l l  be g i v e n  h e r e .  

I n  t h e  e n e r g y  e q u a t i o n  (1) we may i n s e r t  one  t e r m  c o r r e s p o n d i n g  t o  

t h e  r o t a t i o n  o f  t h e  magnet :  

MZY d9 

where  M i s  t h e  m a g n e t i c  moment and de  is t h e  r o t a t i o n  which o c c u r s  w h i l e  

Y changes  t h e  amount dY. 

We may f u r t h e r  i n s e r t  t h e  f r i c t i o n  t e r m  

Note t h a t  t h e  f r i c t i o n  i s  p r o p o r t i o n a l  t o  t h e  r e l a t i v e  v e l o c i t y  between 

t h e  magnet  and t h e  damping media  ( a i r ,  c o n d u c t o r s ) .  The l a t t e r  move w i t h  

t h e  v e l o c i t y  d S / d t  of t h e  i n s t r u m e n t .  The v e l o c i t y  d e p e n d e n c e  i s  

w e l l  con f i rmed  e x p e r i m e n t a l l y  f o r  sma l l  v e l o c i t i e s .  
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Assuming an e a r t h  movement 5 = -a  s i n w t  t h i s  l e a d s  t o  t h e  e q u a t i o n  

T h i s  c o r r e s p o n d s  t o  ( 5 ) .  

I t  can b e  shown t h a t  t h e  e x p r e s s i o n  

i s  small. According t o  ( 9 )  i t  may b e  w r i t t e n  ( a t  leas t  a p p r o x i m a t e l y )  

F o r  normal  magnets d o e s  n o t  exceed  abou t  0.01 of t h e  l e n g t h  o f  t h e  

magnet .  I f  t h i s  i s  t a k e n  t o  b e  1 c m  and i f  L = 15 c m  w e  g e t  

5 = 0.0107 
L 

The  r a t i o  de/dY h a s  i n  most p l a c e s  t h e  o r d e r  of magn i tude  1 as can 

b e  s e e n  f rom t h e  e q u i l i b r i u m  e q u a t i o n  

Zul = He 

Hence,  i n  a l l  p r a c t i c a l  cases, t h e  t e r m  (16) may be n e g l e c t e d  i n  t h e  

p a r e n t h e s i s  i n  t h e  e q u a t i o n  above .  T h i s  may b e  w r i t t e n  
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T h i s  wel l -known e q u a t i o n  f o r  f o r c e d  v i b r a t i o n s  h a s  f o r  small damping t h e  

s t a t i o n a r y  s o l u t i o n  

The  d i f f e r e n t i a l  e q u a t i o n  f o r  t h e  r o t a t i o n  o f  t..e magnet i s  

where  B i s  t h e  (darnping c o n s t a n t .  

I n s e r t i n g  t h e  Y-va lue  f rom (17) t h i s  h a s  t h e  s t a t i o n a r y  s o l u t i o n  

t g  6, = 
m(w2p - 8) 

F o r  an  i d e a l  b a r  magnet ,  t h e  damping f a c t o r s  c u / m  and B/I are  equa l .  

I n  p r a c t i c a l  v a r i o m e t e r s  t h i s  i s  not  t h e  case ( m i r r o r s  e t c . ) .  

F o r  small v a l u e s  of w ,  C Y ,  and B w e  w i l l  o n c e  more g e t  t h e  e x p r e s s i o n  ( 6 ) .  

Appendix 2.  

F i g .  7 p i c t u r e s  t h e  m a g n e t i c  sys t em of  a H v a r i o m e t e r  as seen  f rom 

m a g n e t i c  E a s t .  I n  t h e  unpe r tubed  p o s i t i o n  (a) t h e  h o r i z o n t a l  f i e l d  H 

p r o d u c e s  a t o r q u e  t h a t  b a l a n c e s  t h e  f i b e r  t o r s i o n ,  t h u s  k e e p i n g  t h e  magnet 



Figure 7. The magnetic system of the H variome 
from the west. 

ter, in two positions, seen 
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i n  t h e  EW d i r e c t i o n .  

I n  (b) t h e  magnet p e r f o r m s  a pendulum swing .  The m a g n e t i c  t o r q u e  

i s  now MHl. The change  i n  t o r q u e  i s  

From F i g .  7 w e  g e t  

Il\H=H-y =F[ COST - COS ( I + Y )  ]= 

= F ( c o s I  - COS I cos  Y + s i n  I s inY) 

For small Y t h i s  g i v e s  

A b F Y  * s i n 1  = ZY 

Tl ie  r e s u l t  i m p l i e s  t h a t  t h e  response of  t h e  H v a r i o m e t e r  i s  gove rned  

by t h e  same e x p r e s s i o n s  as those d e r i v e d  f o r  t h e  D v a r i o m e t e r .  
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11. M a g n e t i c  e f f e c t .  

1. I n e r t i a - f r e e  i n s t r u m e n t s  

Obvio i i s ly  i t  i s  n o t  s a f e  t o  r e l y  on magnetometers  w i t h  moving p a r t s ,  

g a l v a n o m e t e r s ,  pen and i n k  r e c o r d e r s  e t c .  when t r y i n g  t o  d e t e r m i n e  

w h e t h e r  e a r t h  tremors p r o d u c e  real m a g n e t i c  v a r i a t i o n s .  

With t h e  adven t  o f  i n s t r u m e n t s  based  on n u c l e a r  o r  e l e c t r o n i c  

p r e c e s s i o n  t h e  s i t u a t i o n  h a s  become more h o p e f u l .  An i n q u i r y  r e g a r d i n g  

o b s e r v e d  e f f e c t s  f rom t h e  e v e n t  of March 28 ,  1964,  r e s u l t e d  i n  a h a n d f u l  

o f  r e c o r d i n g s  k i n d l y  made a v a i l a b l e  by d i f f e r e n t  a g e n c i e s .  

One of t h e  r e c o r d s  show m a g n e t i c  v a r i a t i o n s  t h a t  a p p e a r  t o  be a s s o c i a t e d  

w i t h  t h e  e a r t h q u a k e .  I t  i s  f rom t h e  U. S. G e o l o g i c a l  S u r v e y ' s  G e o e l e c t r i c  

O b s e r v a t o r y  a t  Bergen P a r k ,  C o l o r a d o .  

C o l o r a d o  School  of Mines '  Ceci l  H .  Green G e o p h y s i c a l  O b s e r v a t o r y  which i s  

d e s i g n a t e d  as "GOL" i n  t h e  wor ld -wide  seismic n e t .  

are as f o l l o w s  

The i n s t r u m e n t s  are housed  i n  t h e  

The  g e o g r a p h i c  c o o r d i n a t e s  

L a t .  39' 42" 
Long. 105O 22 'W 

The v a r i a t i o n s  of  t h e  t o t a l  f i e l d  i n t e n s i t y  are r e c o r d e d  by a meta-stable 

h e l i u m  v a p o r  magnetometer ,  t h e  da t a  b e i n g  s t o r e d  on t a p e .  I t  seems h i g h l y  

improbab le  t h a t  t h i s  sys t em i n  i t s e l f  i s  s e n s i t i v e  t o  v i b r a t i o n s ,  e s p e c i a l l y  

t h e  slow v i b r a t i o n s  s t u d i e d  h e r e .  

Rega rd ing  local s o u r c e s  of  d i s t u r b a n c e ,  m a g n e t i c  b o d i e s  p e r f o r m i n g  a 

r e l a t i v e  motion would have  an e f f e c t .  Accord ing  t o  W.P. Hasbrouch  ( P r i v a t e  
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Communicat ion,  1965) t h e r e  are n o  o s c i l l a t i n g  i r o n  masses ( e . g .  t h e  

pendulum of a se ismograph)  h a r m f u l l y  c l o s e  t o  t h e  s e n s i n g  head  of  t h e  

magne tomete r .  Metal s t r u c t u r e s  i n  t h e  v i c i n i t y ,  e . g .  an aluminum 

r o o f  o r  a metal l ic  i n s t r u m e n t  case ,would  c a r r y  induced  c u r r e n t s .  A s  

shown i n  a la te r  s e c t i o n  t h e i r  magne t i c  e f f e c t  i s  p r o b a b l y  n e g l i g i b l e  

We can t h e r e f o r e  b e  r e a s o n a b l y  c o n f i d e n t  t h a t  t h e  m a g n e t i c  v a r i a t i o n s  

r e c o r d e d  by t h i s  equipment  r e f l e c t  a g e o p h y s i c a l  e v e n t  h a v i n g  i t s  s o u r c e s  

o u t s i d e  man-made i n s t a l l a t i o n s .  

2 .  Observed  e f f e c t .  

F i g .  8 shows a p layback  f rom t h e  t a p e  r e c o r d e d  a t  t h e  Bergen P a r k  

f a c i l i t y  be tween U.T. 03h50m and 04h00m of March 28 ,  1964.  The t w o  u p p e r  

traces i n d i c a t e  t e l l u r i c  v a r i a t i o n ,  t h e  lower  trace t h e  o u t p u t  of  t h e  

m e t a - s t a b l e  he l ium magnetometer .  The l a b e l i n g  i n  t h e  f i g u r e  shou ld  b e  

s u f f i c i e n t  f o r  i t s  p r e s e n t  u s e .  

The  l a r g e  v a r i a t i o n s  of  t h e  magne t i c  r e c o r d  s t a n d  o u t  ve ry  c l e a r l y  i n  

compar ison  w i t h  t h e  p a r t s  of  t h e  t r a c e  p r e c e d i n g  and f o l l o w i n g  t h e  i n t e r v a l  

c o v e r e d  by F i g .  8.  They a p p e a r  t o  a g r e e  c l o s e l y  i n  t i m e  w i t h  t h e  a r r i v a l  

of t h e  l a r g e  s u r f a c e  waves.  Due t o  d i f f i c u l t i e s  t o  i n t e r p r e t  t h e  seismograms 

of t h e  a d j a c e n t  GOL s t a t i o n  t h i s  had t o  b e  checked i n  an  i n d i r e c t  way, by 

u s i n g  t h e  r a p i d - r u n  magnetograms o f  t h e  m a g n e t i c  o b s e r v a t o r y  a t  Tucson 

( L a t .  32015" Long. 11Oo5O1W). 

seismic M waves ,  w i t h  a s t a r t i n g  t ime i n  2 of  a b o u t  03h 55.5111; see F i g .  2. 

When t h e  d i f f e r e n c e  i n  d i s t a n c e  from t h e  f o c u s  w a s  c o r r e c t e d  ( t h e  t i m e  

These g i v e  a v e r y  clear p i c t u r e  of  t h e  



I 
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d i f f e r e n c e  i s  about 1.8 min) w e  g e t  a s t a r t i n g  time i n  Bergen P a r k  of  

03h  53.7m. T h i s  c l o s e l y  agrees w i t h  what  i s  a c t u a l l y  o b s e r v e d .  A s  a 

f u r t h e r  c h e c k ,  t h e  p e r i o d s  of t h e  waves ( d i v i d e d  i n  t h r e e  sub -g roups )  

were d e t e r m i n e d  and compared w i t h  t h e  c o r r e s p o n d i n g  waves a t  Tucson 

( t h e  Z component) .  The p e r i o d s  of t h e  t h r e e  g r o u p s ,  33 ,  27 ,  and 15 sec. 

a g r e e  a t  t h e  two s t a t i o n s .  They a l so  a g r e e  w i t h  p e r i o d s  of  t h e  t e l l u r i c  

waves i n  F i g .  8 .  T h e s e  compar isons  i n d i c a t e  t h a t  t h e  t e l l u r i c  and m a g n e t i c  

v a r i a t i o n s  o b s e r v e d  a t  Bergen Park are a s s o c i a t e d  w i t h  t h e  seismic M waves.  

P e r i o d s  and a m p l i t u d e s  f o r  t h e  Bergen P a r k  v a r i a t i o n s  are g i v e n  i n  T a b l e  2 .  

11: i s  w o r t h  men t ion ing  t h a t  t h e  s h o r t  p e r i o d  P and S waves a r r i v i n g  

a t  03h  42.8m ( a c c o r d i n g  t o  t h e  GOL-seismograms), g a v e  no a p p r e c i a b l e  e f f e c t s  

on t h e  Bergen P a r k  r e c o r d s .  The s t a n d a r d  magnetographs  of t h e  m a g n e t i c  

o b s e r v a t o r i e s  r e sponded  s t r o n g l y  a l so  t o  t h e s e  waves.  The c o n c l u s i o n  i s  

t h a t  a p p r e c i a b l e  m a g n e t i c  o s c i l l a t i o n s  are o n l y  a s s o c i a t e d  w i t h  t h e  l a r g e  

s u r f  ace waves.  

3 .  Absence of e f f e c t s .  

The  m a g n e t i c  e f f e c t  a p p e a r s  t o  b e  g e o g r a p h i  cal l y  c o n f i n e d .  Records  

f rom Rubidium v a p o r  magnetometers  were o b t a i n e d  f rom t h e  f o l l o w i n g  p l a c e s .  

U. S .  Naval A i r  Development C e n t e r ,  J o h n s v i l l e ,  P e n n s y l v a n i a  

Lamont G e o l o g i c a l  O b s e r v a t o r y  of  Columbia U n i v e r s i t y ;  
i n s t r u m e n t  l o c a t i o n :  Lebanon S t a t e  F o r e s t ,  N e w  J e r s e y  

U .  S. Depar tment  of Commerce, N a t i o n a l  Bureau of S t a n d a r d s ;  
i n s t r u m e n t  l o c a t i o n :  Jicamarca Radar  O b s e r v a t o r y ,  P e r u  

None of t h e s e  s t a t i o n s  recorded  an a p p r e c i a b l e  e a r t h q u a k e  e f f e c t .  

Al though t h e i r  s e n s i t i v i t i e s  are c o n s i d e r a b l y  lower t h a n  t h a t  of  t h e  
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He-magnetometer  a t  Bergen P a r k ,  a similar e f f e c t  would have  been  v i s i b l e  

above t h e  n o i s e .  (The J i c a m a r c a  S t a t i o n  may b e  too f a r  away from t h e  

s o u r c e  i n  A l a s k a . )  A n e g a t i v e  r e s u l t  i s  a l s o  r e p o r t e d  by Radoski  ( P r i v a t e  

Communica t ion ,  1965) f o r  t h e  Rubidium v a p o r  magnetometer  of Weston 

O b s e r v a t o r y ,  M a s s a c h u s e t t s  (Bos ton  C o l l e g e )  . 
4 .  T h e o r e t i c a l  models 

T h e r e  i s  e v i d e n t l y  a c l o s e  c o i n c i d e n c e  i n  t i m e  be tween t h e  seismic 

M waves and t h e  m a g n e t i c  v a r i a t i o n s  a t  Bergen P a r k .  T h i s  makes i t  

r e a s o n a b l e  t o  assume t h a t  t h e  magne t i c  waves have  t h e i r  s o u r c e s  f a i r l y  

c l o s e  t o  t h e  o b s e r v a t o r y  r a t h e r  t h a n ,  f o r  example ,  a t  t h e  f o c u s  of t h e  

e a r t h q u a k e .  

4.1. P i e z o e l e c t r i c  and p iezomagne t i c  e f f e c t s .  

111 p r i n c i p l e  t h e  e l a s t i c  d e f o r m a t i o n s  due  t o  s e i s m i c  waves might  

g i v e  r i s e  t o  e l e c t r i c  and magne t i c  p o l a r i z a t i o n s  ( p i e z o e l e c t r i c s  and 

p i e z o m a g n e t i c s ) .  The s t r a i n s  and s h e a r s  i n  t h e  c r u s t  are of t h e  o r d e r  

&+/A (4 = wave ampli tude,A = w a v e l e n g t h ) .  F o r  t h e  l a r g e  s u r f a c e  waves 

t h i s  q u a n t i t y  i s  a b o u t  4*10'7. 

B r e i n e r  (1964)  h a s  d i s c u s s e d  t h e  p i e z o m a g n e t i c  e f f e c t  i n  a s p h e r i c a l  

r e g i o n  a t  t h e  t i m e  of a l o c a l  e a r t h q u a k e .  He a l s o  g i v e s  a number 

of r e f e r e n c e s  t o  r e p o r t s  o f  l a b o r a t o r y  e x p e r i m e n t s  p e r t a i n i n g  t o  magne t i c  

r o c k s  unde r  stress. On t h e  b a s i s  of t h e s e  resu l t s  w e  may t r y  t o  estimate 

t h e  magni tude  of t h e  p i ezomagne t i c  e f f e c t s  a s s o c i a t e d  w i t h  t h e  seismic 

s u r f  ace waves.  
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W i t h i n  c e r t a i n  l i m i t s  t h e  m a g n e t i c  s u s c e p t i b i l i t y  as w e l l  as t h e  

remanefit m a g n e t i z a t i o n  of r o c k s  d e c r e a s e  i n  t h e  d i r e c t i o n  of  an  a p p l i e d  

c o m p r e s s i v e  s t ress  ( a n d  t o  a lesser e x t e n t  i n c r e a s e  a t  r i g h t  a n g l e s  t o  

t h e  s t r e s s ) .  For  a change  i n  s t r e s s ,  L O ,  t h e s e  r e l a t i o n s h i p s  can b e  

e x p r e s s e d  as 

Ax = -SX AO X O  

AI = -SI AoI,. 

where  Ax, x0 and A I ,  Io are t h e  change and i n i t i a l  v a l u e s  of t h e  s u s c e p t i b i l i t y  

and remanent  m a g n e t i z a t i o n  r e s p e c t i v e l y .  The s t ress  s e n s i t i v i t i e s ,  Sx and S I ,  

are a p p r o x i m a t e l y  e q u a l  and r e p o r t e d  t o  be 0 . 7  - 2 ~ l O - ~  cm2 / k g .  

F o r  s i m p l i c i t y ,  l e t  u s  c o n s i d e r  a u n i f o r m l y  magne t i zed  s p h e r e  b e n e a t h  

Bergen P a r k  wi th  a r a d i u s  r of t h e  o r d e r  of some km. Suppose  f u r t h e r  t h a t  

i t s  c e n t e r  i s  s i t u a t e d  a t  t h e  d e p t h  r .  I t s  s u s c e p t i b i l i t y  x i s  assumed 

t o  be 2 - 1 0  e.m.u. T h i s  i s  i n  a c c o r d a n c e  w i t h  d a t a  i n d i c a t i n g  a m a g n e t i c  

anomaly o f  some lOOOy a t  Bergen P a r k .  

0 

- 3  

T'ie v a l u e  o f  L\o i s  d e t e r m i n e d  f rom AO = E D L / L  where  E i s  Young ' s  

6 modulus .  According t o  n u m e r i c a l  d a t a  g i v e n  by - G u t e n b e r g  (1959)  k10 kg/cn? 

i s  a r e a s o n a b l e  v a l u e  f o r  some common r o c k s .  F o r  t h e  f r a c t i o n a l  

e l o n g a t i o n  A L / L  w e  may u s e  t h e  v a l u e  4 .10  . T h i s  g i v e s  -7  

AO = 0 . 4  kg cm- 2 

The change i n  m a g n e t i z a t i o n  o f  t h e  s p h e r e  i s  g i v e n  by 
~ 
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The a l t e r n a t i n g  m a g n e t i c  f i e l d  on t h e  surface of t h e  magne t i zed  

s p h e r e  h a s  t h e  maximum a m p l i t u d e  

- 3  I n s e r t i n g  Sx = c m 2  k g - l ,  xo = 2.10  gauss ,Aa=  
0 . 4  kg.cm-* w e  g e t  

AB = -0 .0% 

A similar r e s u l t  would b e  o b t a i n e d  f o r  a s p h e r e  w i t h  remanent  m a g n e t i z a -  

t i o n .  The d i r e c t i o n  of AB i s  u n c e r t a i n .  

The o b s e r v e d  v a r i a t i o n s  i n  F are  abou t  0 . 2 y .  With some a d j u s t m e n t s  

of t h e  p a r a m e t e r s  u sed  above and a more r e a l i s t i c  shape  of t h e  magne t i zed  

body i t  d o e s  n o t  a p p e a r  u n l i k e l y  t h a t  p iezomagnet i sm cou ld  e x p l a i n  a t  least  

p a r t  of t h e  o b s e r v e d  AF. 

The p i e z o e l e c t r i c  e f f e c t  depends  on t h e  r e a c t i o n  of c e r t a i n  c r y s t a l s  

t o  s t ress .  I n  t h e  l i t e r a t u r e  p i e z o e l e c t r i c s  i s  d i s c u s s e d  f o r  s u c h  s u b s t a n -  

ces as q u a r t z ,  t o u r m a l i n e  e t c .  The s t r a i n s  ment ioned  above when a p p l i e d  

t o  a q u a r t z  c r y s t a l  would produce  e l e c t r i c  f i e l d s  which are v e r y  l a r g e  

f r o m  a g e o p h y s i c a l  p o i n t  of v iew,  Y e t ,  i n  v iew o f  t h e  p o l y c r y s t a l l i n e  

s t r u c t u r e  and chemica l  c o n s t i t u t i o n  of t h e  c r u s t  i t  seems u n l i k e l y  t h a t  

a p p r e c i a b l e  n e t  e f f e c t s  could  be produced  i n  n a t u r e .  

4.2.  Magnet ic  f i e l d  p r a d i e n t s  

Due t o  t h e  a t t e n u a t i o n  of t h e  seismic a m p l i t u d e s  w i t h  d e p t h  a 
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r e l a t i v e  mot ion  e x i s t s  be tween a magne t i zed  body i n  t h e  c r u s t  and 

t h e  magne t i c  i n s t r u m e n t  on t h e  s u r f a c e .  

F o r  s i m p l i c i t y ,  l e t  u s  assume a v e r t i c a l  d i p o l e  M b u r i e d  a t ’a  

d e p t h  2 below t h e  s u r f a c e  and c a p a b l e  of  p r o d u c i n g  a d i s t u r b a n c e  

f i e l d  f on t h e  s u r f a c e ,  see F i g .  9 .  We h a v e  
P 

2M 
f p  = 7 

A t  a p o i n t  Q on t h e  s u r f a c e  w i t h  c o o r d i n a t e s  x and z t h e  f f rom t h e  

d i p o l e  h a s  t h e  components 

f x  = 3xz !! 
r 5  

whence 

f = \ I f . ”  + f ,  a = M ( d  + 4z2)+ 
(2 + 22,2 

Now t h e  f i e l d  g r a d i e n t s  a f / a  x ,  

b e  shown t h a t  

3 f / a  z may b e  d e t e r m i n e d .  I t  can  

and 

3f  = --p f o r  x = 0 .  
l g l m a x  z 

I f  A S  i s  t h e  d i s p l a c e m e n t  of t h e  d i p o l e  r e l a t i v e l y  t o  a p o i n t  on 
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t h e  c r u s t ,  and A f  i s  t h e  a m p l i t u d e  of  t h e  o b s e r v e d  m a g n e t i c  v a r i a t i o n ,  

w e  g e t  f o r  t h e  ver t ica l  case 

L e t  u s  p u t  f p  = 1 0 0 0 ~ .  Data i n d i c a t e  t h a t  a m a g n e t i c  anomaly of 

t h i s  magn i tude  may e x i s t  i n  t h e  Bergen P a r k  area. 

a t  t h e  d e p t h  z = lOkm where A s  can c e r t a i n l y  n o t  exceed  1 cm (see S t o n e l e y  

and H o c h s t r a s s e r ,  1957,  and S t o n e l e y ,  1 9 5 8 ) ,  w e  g e t  

If w e  p l a c e  o u r  d i p o l e  

T h i s  i s  only  abou t  1 :100  of t h e  o b s e r v e d  a m p l i t u d e .  S i m i l a r  r e s u l t s  

are o b t a i n e d  f o r  any r e a s o n a b l e  s e t  of v a l u e s  f A s ,  and z .  
P'  

The movement of t h e  magnetometer  i n  a f i e l d  g r a d i e n t  d o e s  n o t  a p p e a r  

t o  b e  l i k e l y  e x p l a n a t i o n  of t h e  obse rved  v a r i a t i o n .  

4 . 3 .  The i n d u c t i o n  e f f e c t  

4 . 3 . 1 . B a s i c  e x p r e s s i o n s  

The e a r t h q u a k e  d i s p l a c e m e n t  

co r re sponds  t o  a ground v e l o c i t y  

Ln a frame of r e f e r e n c e  moving w i t h  t h e  ground w e  have  
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t h e  e l e c t r i c  f i e l d  

dV E ' = E + v x F / c + m  - 
d t t e  

- - - , - -  

- 
I n  t h e  p r e s e n t  case t h e  l a s t  term i s  n e g l i g i b l e  E i s  t h e  e l e c t r i c  

f i e l d  o b s e r v e d  f rom a f r ame  a t  rest. I f  a c o n d u c t o r  moves as a whole  i n  

a m a g n e t i c  f i e l d ,  w i t h o u t  change  of f l u x ,  a s e p a r a t i o n  of c h a r g e s  o c c u r s  

wh ich  g i v e s  t h e  e l e c t r i c  f i e l d  

- 
T h i s  makes E '  = 0 .  One example o f  t h i s  i s  t h e  e a r t h  r o t a t i n g  i n  i t s  

own m a g n e t i c  f i e l d .  I n  t h e  case of e a r t h q u a k e s  however ,  a d e f o r m a t i o n  

t a k e s  p l a c e  and c l o s e d  c u r r e n t  loops are set  up ,  w i t h  E' as t h e  e f f e c t i v e  

e l e c t r i c  f i e l d .  We g e t  t h e  c u r r e n t  d e n s i t y  

I n  some a p p l i c a t i o n s  t h e  induced  c u r r e n t s  may b e  c l o s e d  t h r o u g h  

c o m p a r a t i v e l y  small r e s i s t a n c e s .  I n  t h i s  case E 4  S O  t h a t  

- - -  
i = u v x F / c  

T h i s  a s sumpt ion  i s  n o t  e s s e n t i a l  f o r  t h e  s u b s e q u e n t  d i s c u s s i o n .  A 

s i m p l e  e l ec t r i c  c i r c u i t  w i t h  some i m p o r t a n t  f e a t u r e s  i n  common w i t h  t h e  

g e o p h y s i c a l  case w i l l  b e  d i s c u s s e d  i n  a la te r  s e c t i o n .  

4 .3 .2  I n d u c e d  c u r r e n t  loops. 

I n  t h e  seismic wave f i e l d  l e t  u s  c o n s i d e r  one v e l o c i t y  

r i d g e  and t h e  a d j a c e n t  t r o u g h ,  b o t h  o f  w i d t h k  / 2  ( o n e  h a l f  

of a w a v e l e n g t h ) .  The  ground v e l o c i t i e s  have  d i f f e r e n t  s i g n s  i n  t h e  two 
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r a n g e s .  N e g l e c t i n g  t h e  a t t e n u a t i o n  of  t h e  wave a m p l i t u d e  w i t h  d i s t a n c e  

f rom f o c u s  w e  f i n d  t h e  v e l o c i t i e s  v and -v  s y m m e t r i c a l l y  spaced  a b o u t  
- - 

- 
t h e  b o r d e r  l i n e  ( v  = 0 ) .  S p e c i f i c a l l y ,  w e  f i n d  t h e  a m p l i t u d e  v a l u e s  
- - 
vo 

induced  c u r r e n t s  i .  They f l o w  p a r a l l e l  b u t  i n  o p p o s i t e  d i r e c t i o n s  on 

t h e  t w o  s i d e s  of t h e  b o r d e r l i n e .  Under c e r t a i n  c o n d i t i o n s  t h e y  form 

c l o s e d  c i r c u i t s .  T h i s  i s  i l l u s t r a t e d  i n  a q u a l i t a t i v e  way i n  F i g .  10. 

An e x t r e m e  case would be c u r r e n t s  f l o w i n g  c o n c e n t r i c a l l y  a round  t h e  

e p i c e n t e r ,  w i t h o u t  c r o s s i n g  t h e  b o r d e r - l i n e .  The  c u r r e n t  l o o p s  move 

w i t h  t h e  speed  of p r o p a g a t i o n  o f  t h e  e a r t h q u a k e  waves.  

and  -vo a d i s t a n c e  A / 2  a p a r t .  The same r e a s o n i n g  h o l d s  f o r  t h e  
- 

4 .3 .3  C a l c u l a t e d  e l e c t r i c  f i e l d s  a t  Bergen  P a r k  

I n  o r d e r  t o  s t u d y  more c l o s e l y - w h a t  g round  mot ions  and induced  

c u r r e n t s  can  be e x p e c t e d  as an e f f e c t  of t h e  Alaskan  e a r t h q u a k e  a t  

Bergen  P a r k ,  see F i g .  11. A c o r r e s p o n d s  t o  t h e  e p i c e n t e r  (Anchorage)  , 

B t o  t h e  r e c o r d i n g  s t a t i o n  at Bergen P a r k .  

d i r e c t i o n  of p r o p a g a t i o n  o f  t h e  seismic s u r f a c e  waves ,  fo rms  an a n g l e  

of approx ima te ly  48’ w i t h  t h e  l o c a l  m a g n e t i c  m e r i d i a n  i n  B .  

The l i n e  AB which i s  t h e  

During p a s s a g e  of  a R a y l e i g h  wave t h e  mot ion  of a s u r f a c e  p a r t i c l e  

i s  e l l i p t i c  and  r e t r o g r a d e ,  t h e  m a j o r ’ a x i s  o c c u r r i n g  i n  t h e  v e r t i c a l  

d i r e c t i o n  w i t h  a b o u t  1 . 7  t h e  a m p l i t u d e  o f  - the  d i s p l a c e m e n t  i n  t h e  

d i r e c t i o n  o f  p r o p a g a t i o n .  

waves .  

The  Love waves are large t r a n s v e r s e  s u r f a c e  

I n  t h e  f o l l o w i n g  w e  u s e  t h e  n o t a t i o n s  L = Love.wave,  

R = Rayle igh  wave, h = h o r i z o n t a l ,  v = v e r t i c a l ,  and H ,  D ,  z 
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Figure 11. The seismomagnetic directions at Bergen Park. 
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8 .  

. 

f o r  t h e  geomagnet ic  components .  

I n  T a b l e  3 w e  h a v e  l i s t e d  t h e  a m p l i t u d e  v a l u e s  of t h e  e l e c t r i c  f i e l d  

components and t h e i r  d i r e c t i o n s .  The n u m e r i c a l  v a l u e s  are b a s e d  on t h e  

m a g n e t i c  v a l u e s  H = 0.22 g a u s s ,  Z = 0 . 5 2  g a u s s ,  and t h e  seismic peak 

v e l o c i t i e s  ( c o r r e s p o n d i n g  t o  20 sec p e r i o d  1 :  VRh = V L  = 0 .4  c m  sec , 

V R ~  = 0.7  c m  sec . The l a t t e r  v a l u e s  are estimates f rom t h e  Tucson 

r a p i d - r u n  magnetograph ( u s e d  as seismograph)  , s i n c e  no u s e f u l  seismograms 

weee a v a i l a b l e  f o r  t h e  Bergen P a r k  area. 

-1 

-1 

Tab le  3 

Numerical v a l u e  

0.07 mV/km 

0 .21  mV/km 

0 .06  mV/km 

0 . 2 1  mV/km 

0.15 mV/km 

D i r e  c t  i o n  

v e r t i c a l  

h o r i z .  L A B  

v e r t i c a l  

h o r i z  . a l o n g  AB 

h o r i z . k H  

4.3.4 Observed  e l e c t r i c  f i e l d s .  

The  v a l u e s  and d i r e c t i o n s  g i v e n  i n  T a b l e  3 i n d i c a t e  a maximal 

h o r i z o n t a l  a m p l i t u d e  of abou t  0.34 mV/km. The v a l u e s  obse rved  a t  t h e  

t e l l u r i c  sys t em of Bergen P a r k  are above 1 mV/km. 

T h e r e  may b e  some d o u b t  whether  a t e l l u r i c  l i n e  s h u n t e d  t o  t h e  e a r t h  

and s h a r i n g  i t s  motion would r e c o r d  the  induced  e l ec t r i c  f i e l d .  As shown 

i n  t h e  n e x t  s e c t i o n  i t  i s  l i k e l y  t h a t  i t  d o e s .  

The  d i s c r e p a n c y  between c a l c u l a t e d  and o b s e r v e d  e l e c t r i c  f i e l d s  may 

o r  may n o t  be  s i g n i f i c a n t . ,  The ground a m p l i t u d e s  a t  Bergen P a r k  can i n  



- 37 - 

r ea l i t y  b e  somewhat l a r g e r  t h a n  t h o s e  u s e d  h e r e .  The c a l c u l a t  o n s  

p e r t a i n  t o  s i n u s o i d a l  ground v i b r a t i o n s .  I f  t h e  waveform came closer 

t o  t h a t  of  t h e  s q u a r e  wave w e  would g e t  E - s p i k e s  of l a r g e r  amp i t u d e .  

But t h i s  wave t y p e  d o e s  n o t  seem t o  a g r e e  w i t h  o b s e r v a t i o n s  and h a s  

also n o  s u p p o r t  i n  se i smic  t h e o r y .  

More i m p o r t a n t  i s  t h a t  t h e  model of t h e  i n d u c e d  t e l l u r i c  c u r r e n t s  

g i v e n  h e r e  i s  t o o  s i m p l i f i e d .  Tn a more r e a l i s t i c  model v a r i o u s  p o t e n t i a l  

g r a d i e n t s  cou ld  add up t o  t h e  o b s e r v e d  v a l u e .  T h i s  w i l l  be d i s c u s s e d  l a t e r .  

4 . 3 . 5  . E q u i v a l e n t  c i r c u i t .  

For a s u r v e y  of  t h e  i n d u c t i o n  c u r r e n t s  a s i m p l i f i e d  e q u i v a l e n t  

c i r c u i t  may b e  h e l p f u l .  The c i r c u i t  d e p i c t e d  i n  F i g .  1 2  i s  i n  some r e s p e c t s  

s i m i l a r  t o  a n  induced  c u r r e n t  l o o p .  I t  c o n s i s t s  of 11. v o l t a i c  c e l l s ,  e a c h  

w i t h  e .m . f .  E and i n n e r  r e s i s t a n c e  R i .  The  t o t a l  e . m . f .  ne c o r r e s p o n d s  

t o  t h e  induced  e . m . f .  i n  t h e  e a r t h .  The " o u t e r  r e s i s t a n c e "  of  t h e  c i r c u i t  

i s  R y .  

Across one  of  t h e  ce l l s  a g a l v a n o m e t e r  c i r c u i t  G i s  c o n n e c t e d .  T h i s  

co r re sponds  t o  t h e  t e l l u r i c  l i n e .  

i t  a l s o  c o n t a i n s  an e . m . f .  E .  I t s  r e s i s t a n c e  R i s  of  t h e  o r d e r  1 megohm. 

Thus Rg>>nRi + R  

S i n c e  i t  t a k e s  p a r t  i n  t h e  e a r t h ' s  mot ion  

g 

Y '  

K i r c h h o f f ' s  l a w  g i v e s  t h e  e . m . f .  I G R G  i n d i c a t e d  on t h e  g a l v a n o m e t e r  

i n  t h e  moving f r ame  of r e f e r e n c e  

I f  n q  >>Ry w e  g e t  



. 
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E,n = - E  

The  t e l l u r i c  r e c o r d e r  t h u s  measures  t h e  i n d u c e d  e l e c t r i c  f i e l d .  I n  a 

f r ame  a t  r e s t  w e  would g e t  t h e  f o l l o w i n g  g a l v a n o m e t e r  r e a d i n g  

w i t h  t h e  s p e c i a l  cases 

The  e q u a t i o n  E, = c r  - c c o r r e s p o n d s  i n  some r e s p e c t s  t o  

I f  t h e  ga lvanomete r  were i n s t e a d  s h u n t e d  over a f r a c t i o n  l / m  of Ry 

w e  would g e t  a r e a d i n g  c y .  Assuming t h a t  t h e  t e l l u r i c  l i n e  h a s  now a 

d i r e c t i o n  p e r p e n d i c u l a r  t o  i t s  ea r l i e r  d i r e c t i o n ,  i t  h a s  no  e . m . f .  E .  

We g e t  

F o r  Ry>>nRi and f o r  a g i v e n  l e n g t h  of t h e  t e l l u r i c  l i n e  ( s a y  1 km) 

t h i s  would co r re spond  t o  an e l e c t r i c  f i e l d  e x p r e s s i o n  

Ey = x F / c (  

Under c e r t a i n  c o n d i t i o n s  w e  c o u l d  e a s i l y  h a v e  
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as i n d i c a t e d  on t h e  Bergen P a r k  t e l l u r i c  r e c o r d e r .  

A l a r g e  metal s t r u c t u r e  ( e . g .  an aluminum r o o f )  c l o s e  t o  t h e  magneto-  

meter c o u l d  i n  i t s e l f  e a s i l y  h a v e  a c o n d u c t a n c e  comparable  w i t h  t h a t  of a 

l a r g e  p o r t i o n  o f  t h e  c r u s t .  L a r g e  c u r r e n t s  i n  t h i s  s t r u c t u r e  c o u l d  modify 

or c a n c e l  t h e  m a g n e t i c  v a r i a t i o n s  due t o  g round  c u r r e n t s .  I n  t h e  p r a c t i c a l  

case however t h e  c o n n e c t i o n s  between t h e  s t r u c t u r e  and t h e  c r u s t  would i n v o l v e  

a l a r g e  r e s i s t a n c e .  Thus o n l y  a n e g l i g i b l e  f r a c t i o n  of  t h e  e a r t h - c u r r e n t s  

would p a s s  t h r o u g h  t h e  metal. 

4 . 3 . 6 .  The t e l l u r i c  r e c o r d e r  

Some c a u t i o n  may be  needed  i n  t h e  q u a n t i t a t i v e  i n t e r p r e t a t i o n  of t e l l u r i c  

d a t a .  The s t a n d a r d  t e l l u r i c  equipment  c o n t a i n s  moving p a r t s  ( e . g .  t h e  

suspended  s y s t e m  o f  t h e  ga lvanomete r s )  and may be s u s c e p t i b l e  t o  v i b r a t i o n s .  

One example  of t h i s  i s  t h e  e a r t h - c u r r e n t  equipment  i n  Niemegk. The  r e c o r d i n g  

s y s t e m  a t  Bergen  P a r k  i s  p u r e l y  e l e c t r o n i c  and shou ld  be s a f e  i n  t h i s  r e s p e c t .  

I t  d i d  n o t  r e spond  n o t i c e a b l y  t o  t h e  r a p i d  v i b r a t i o n s  p r e c e d i n g  and f o l l o w i n g  

t h e  M waves.  A s  ment ioned  b e f o r e  suspended magnets  r e sponded  t o  t h e  whole 

s p e c t r u m  of seismic v i b r a t i o n s .  So d i d  t h e  t e l l u r i c  equipment  i n  Niemegk. 

D u r i n g  t h e  h o u r s  p r e c e d i n g  and f o l l o w i n g  t h e  e a r t h q u a k e  t h e  two t e l l u r i c  

traces (NS and EW) 

t i m e .  T h i s  may i n d i c a t e  some k i n d  of i n s t r u m e n t a l  " c r o s s  t a l k "  and t e n d s  

t o  cast some d o u b t  on t h e  q u a n t i t a t i v e  r e l i a b i l i t y  of  t h e  equipment  a t  t h e  

a t  Bergen P a r k  showed a c u r i o u s  p a r a l l e l i s m  most of  t h e  

t i m e  o f  t h e  e a r t h q u a k e .  

On t h e  o t h e r  hand:  o u t s i d e  t h e  e a r t h q u a k e  e f f e c t  t h e  e l e c t r i c  and m a g n e t i c  
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r e g i s t r a t i o n s  a t  Bergen P a r k  f o r  l o n g - p e r i o d i c  waves a p p e a r  t o  b e  c o n s i s t e n t  

w i t h  t h e  main c o n d u c t i v i t y  of  t h e  c r u s t ;  cf T a b l e  4 .  

The c o n c l u s i o n  of  t h e  p r e v i o u s  d i s c u s s i o n  i s  t h a t  w e  may have  some 

c o n f i d e n c e  t h a t  t h e  t e l l u r i c  r e c o r d i n g s  are q u a n t i t a t i v e l y  correct .  For  

comple t e  s e c u r i t y  i n d e p e n d e n t  o b s e r v a t i o n s  are needed .  

4 .3 .7  Induced - c u r r e n t s  i n  t h e  "normal"  c r u s t .  

According t o  T a b l e  3 t h e  t w o  l a r g e s t  e l e c t r i c  f i e l d s  and ERhZ and 

ELZ. They are b o t h  h o r i z o n t a l .  Only ERhz i s  p a r a l l e l  t o  t h e  seismic 

wave f r o n t  and t h u s  c a p a b l e  of  p r o d u c i n g  c u r r e n t  l o o p s  of  t h e  k i n d  shown 

i n  F i g .  10. 

The d i s t r i b u t i o n  o f  w i t h i n  t h e  e a r t h  depends  on t h e  a t t e n u a t i o n  o f  

t h e  e a r t h q u a k e  a m p l i t u d e  _a w i t h  d e p t h .  The s u r f a c e  waves are g u i d e d  waves 

b e i n g  conf ined  t o  a channe l  which i s  d e f i n e d  by t h e  f r e e  s u r f a c e  and t h e  

b o t t o m  of t h e  c r u s t .  

S t o n e l e y  and H o c h s t r a s s e r  (1957)  and  S t o n e l e y  (1958)  have  made 

t h e o r e t i c a l  s t u d i e s  of  t h e  a t t e n u a t i o n  o f  R a y l e i g h  waves and Love waves .  

They c o n s i d e r  a d o u b l e  s u r f a c e  l a y e r  of  t o t a l  t h i c k n e s s  5 = T1 + T 2 .  I f  

w e  i d e n t i f y  t h i s  l a y e r  w i t h  t h e  e a r t h ' s  c r u s t  (%30 km) w e  f i n d  t h a t  f o r  

t h e  l a r g e  s u r f a c e  waves ( h = 3 s )  t h e  v a l u e  of  a d e c r e a s e s  c o m p a r a t i v e l y  

s l o w l y  w i t h i n  t h e  c r u s t .  I t  seems s a f e ,  a c c o r d i n g  t o  t h i s  model ,  t o  assume 

an  ave rage  a m p l i t u d e  of  a b o u t  0 . 7 a  - w i t h i n  t h e  uppe rmos t  30 km of  t h e  e a r t h .  

TO d e t e r m i n e  t h e  o r d e r  of  magn i tude  o f  t h e  induced  f i e l d  t h e  f o l l o w i n g  

d i s c u s s i o n  shou ld  b e  s u f f i c i e n t .  We c o n s i d e r  an i n f i n i t e l y  l o n g  s l a b  of 

t h e  c r u s t  d i r e c t e d  p a r a l l e l  t o  t h e  seismic w a v e f r o n t .  I t s  w i d t h  i s  h / 2  
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and i t s  t h i c k n e s s  3 i s  t h e  t h i c k n e s s  of  t h e  c r u s t .  F o r  s i m p l i c i t y ,  

t 

w e  assume t h a t  t h e  s l a b  as a whole p e r f o r m s  h o r i z o n t a l  v i b r a t i o n s  ( p e r -  

p e n d i c u l a r  t o  i t s  l e n g t h )  of the  a v e r a g e  a m p l i t u d e  0 . 7  aRh/&=0.5 aRh. 

We g e t  t h e  induced  c u r r e n t  d e n s i t y .  

A d i r e c t  c u r r e n t  of d e n s i t y  io would g i v e  a m a g n e t i c  f i e l d  i n  t h e  

c e n t e r  of  t h e  uppe r  s i d e  of t h e  slab w i t h  t h e  h o r i z o n t a l  component 

s h / 4  
A H  = 0 . 4  io zdzdx 

Here z i s  t h e  v e r t i c a l  a x i s ;  t h e  x - a x i s  i s  p e r p e n d i c u l a r  t o  t h e  

w a v e f r o n t .  F o r  f i n i t e  v a l u e s  of h w e  g e t  

W i t h  

AH<O. a i o s  

V ~ h = 0 . 4  c m  sec- l ;  s=30 km; 

0 = 10 -6  ohm-' cm-' w e  g e t  

AH< 10 - 4.1 

The o v a l u e  i s  r e p r e s e n t a t i v e  f o r  g r a n i t e  and d r y  sand .  I t  a l s o  

agrees w e l l  w i t h  t h e  v a l u e  o b t a i n e d  f o r  l o n g - p e r i o d  p u l s a t i o n s  a c c o r d i n g  

t o  T a b l e  4. 

I n  r e a l i t y  i s  an a l t e r n a t i n g  cu r l t en t .  The e l e c t r i c  f i e l d  i n  t h e  

c r u s t  i s  d e t e r m i n e d  by t h e  seismic a m p l i t u d e s  r a t h e r  t h a n  by t h e  s k i n  e f f e c t .  

The magne t i c  v a r i a t i o n s  g e n e r a t e d  a t  a c e r t a i n  d e p t h  d e c r e a s e  somewhat f a s t e r  

t h a n  a m a g n e t o s t a t i c  f i e l d  when p ropaga ted  t o  t h e  s u r f a c e .  The v a l u e  of 
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t h e  a l t e r n a t i n g  A H  a t  t h e  s u r f a c e  i s  t h e r e f o r e  c e r t a i n l y  n o t  g r e a t e r  

t h a n  t h e  v a l u e  c o r r e s p o n d i n g  t o  d i r e c t  c u r r e n t s .  

The obse rved  AF a t  Bergen  P a r k  i s  0 . 3 .  AF i s  of c o u r s e  t h e  

r e s u l t a n t  f i e l d  of  AH and AZ. S i n c e  A Z  f rom t h e  s l a b  c u r r e n t  i s  of  

t h e  same magni tude  as A H ,  t h e  o b s e r v e d  f i e l d  i s  a b o u t  1000 times l a r g e r  

t h a n  t h e  c a l c u l a t e d  f i e l d .  I t  t h e r e f o r e  a p p e a r s  c o m p l e t e l y  u n l i k e l y  

t h a t  t h e  v i b r a t i o n  of t h e  t lnormal"  c r u s t  can e x p l a i n  t h e  o b s e r v e d  AF. 

A sma l l  r e s i d u e  o f  t h e  s u r f a c e  tremor may r e a c h  d e p t h s  o f  some 

700 km where t h e  m a n t l e  c o n d u c t i v i t y  i s  a p p r e c i a b l e .  Due t o  t h e  

a t t e n u a t i o n  of  t h e  e l e c t r o m a g n e t i c  waves i t  i s  u n l i k e l y  t h a t  f i e l d s  

f rom s u c h  d e p t h s  would be n o t i c e a b l e  on t h e  s u r f a c e .  Accord ing  t o  

Ga igna rd  (1956) t h e  " d e p t h  of  p e n e t r a t i o n "  5 where  t h e  a m p l i t u d e  i s  

r e d u c e d  by l / e  i s  g i v e n  by 

- 3  F o r  T = 20 sec. and 0 = 10 ohm-' c m - '  ( a  rough a v e r a g e  f o r  t h e  

uppe rmos t  700 km) w e  g e t  6 = 7 . 1  km. 

4.3.8Enhanced c o n d u c t i v i t y  

To e x p l a i n  t h e  o b s e r v e d  AF a t  Bergen  P a r k  as an  i n d u c t i o n  e f f e c t  

w e  mus t  assume a l o c a l  c o n d u c t i v i t y  anomaly.  I f  "normal" c o n d u c t i v i t y  

c o n d i t i o n s  had p r o v i d e d  an e x p l a n a t i o n  t h e  e f f e c t  would b e  u n i v e r s a l .  

A s  ment ioned ear l ie r  t h e  e f f e c t  w a s  n o t  o b s e r v e d  a t  o t h e r  s t a t i o n s  

o p e r a t i n g  i n e r t i a - f r e e  i n s t r u m e n t s .  

The Bergen P a r k  O b s e r v a t o r y  i s  s i t u a t e d  i n  an area r i c h  i n  m i n e r a l s .  
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A c o n d u c t i v i t y  anomaly c l o s e  t o  t h e  s u r f a c e  would t h e r e f o r e  n o t  a p p e a r  

u n l i k e l y .  I t  cou ld  of  c o u r s e  a l s o  b e  l o c a t e d  a t  g r e a t e r  d e p t h s  where  

t h e  e a r t h  t r emor  was s t i l l  a p p r e c i a b l e .  F o r  example ,  R i k i t a k e  (1964) 

assumes an anomaly a t  a d e p t h  o f  about  100 km b e n e a t h  Japan  t o  e x p l a i n  

o b s e r v e d  m a g n e t i c  v a r i a t i o n s .  

F o r  p l a n e  e l e c t r o m a g n e t i c  waves p e n e t r a t i n g  a homogeneous e a r t h ,  

t h e  f o l l o w i n g  e x p r e s s i o n  may b e  deduced f rom Maxwel l ' s  e q u a t i o n s  ( G a i g n a r d ,  

195 6) 

p = G  -' = 20T ( E)2 ohm.cm 

H x  and Ey are t h e  m a g n e t i c  and e l e c t r i c  f i e l d s  obse rved  on t h e  

s u r f a c e .  I n  homogeneous s o i l  t h e  v a l u e  of  p would b e  i n d e p e n d e n t  of  T .  

I f  n o t ,  t h e  dependence  i n d i c a t e s  t h a t p  as a f u n c t i o n  of  d e p t h  i s  n o t  

cons  t a n  t . 
I n  the h o u r s  p r e c e d i n g  and f o l l o w i n g  t h e  e a r t h q u a k e ,  p u l s a t i o n s  

of  m a g n e t o s p h e r i c  o r i g i n  were abundant  on t h e  Bergen P a r k  r e c o r d s .  The 

p r e s e n t  writer s e l e c t e d  f o u r  e v e n t s  o f  d i f f e r e n t  p e r i o d ,  a v o i d i n g  b e a t - t y p e  

e f f e c t s .  Accord ing  t o  t h e  normal  magnetogram of t h e  USC&GS's Boulde r  

O b s e r v a t o r y  t h e  p u l s a t i o n  a c t i v i t y  w a s  a l m o s t  comple t e ly  l i m i t e d  t o  t h e  

H component.  

d e r i v e d  f rom t h e  e x p r e s s i o n  

Assuming t h i s  t o  b e  t h e  case a l s o  i n  Bergen P a r k ,  Hx w a s  

H, = A H  = (F/H)AF 

A s  Ey t h e  t e l l u r i c  EW component was u s e d .  S i n c e  t h e  m a g n e t i c  

d e c l i n a t i o n  i n  t h i s  area i s  a b o u t  14OE n o  g r e a t  error i s  i n t r o d u c e d .  

Average  a m p l i t u d e s  o v e r  s e v e r a l  c y c l e s  were s c a l e d .  
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Table 4 summarizes  t h e  r e s u l t s  of t h i s  i n v e s t i g a t i o n .  The a s s u m p t i o n s  

of p l a n e  waves and a h o r i z o n t a l l y  s t r a t i f i e d  e a r t h  are o v e r s i m p l i f i c a t i o n s  , 

e s p e c i a l l y  i n  a mounta inous  r e g i o n  as t h a t  of Bergen P a r k .  S t i l l ,  t h e  

r e s u l t s  may i n d i c a t e  t h e  o r d e r  of  magn i tude  and t endency  of  v a r i a t i o n  of 

t h e  q u a n t i  t i e s  i n v o l v e d .  

T a b l e  4 

T P 
m V /  m sec ohm. c m  

5 

2 Date !I 
1964 U.T. Y 

March 28 0300 0 . 1 7  0 . 9  11 0 .O62.10 

27 23 25 1 . 5 0  19 .5  45 1 . 5 2 .  l o5  

28 0757 0 . 7 3  1 2 . 2  7 2  4 . 0 .  lo5 

5 28 0 8 3 4  0 . 8 7  14.7 133 7 . 6 . 1 0  

I f  t h e  r e s u l t s  i n  T a b l e  4 are r e l i a b l e  t h e y  i n d i c a t e  t h a t  w i t h  

6 
i n c r e a s i n g  p e r i o d  t h e  r e s i s t i v i t y  a p p r o a c h e s  t h e  v a l u e  10 ohm.cm 

assumed t o  b e  v a l i d  f o r  t h e  c r u s t .  F o r  t h e  more s h a l l o w  waves o f  

s h o r t e r  p e r i o d s ,  p d e c r e a s e s  r a p i d l y .  T h i s  s u p p o r t s  t h e  a s sumpt ion  

of a h i g h  c o n d u c t i v i t y  r e g i o n  i n  t h e  u p p e r  c r u s t .  

T h i s  i s  p r o b a b l y  n o t  s imply  a homogeneous l a y e r  o f  enhanced  con- 

d u c t i v i t y  b u t  a c o m p l i c a t e d  s t r u c t u r e  w i t h  a n i s o t r o p i c  p r o p e r t i e s .  A l l  

k i n d s  o f  induced  c u r r e n t  l o o p s  may b e  se t  u p ,  h o r i z o n t a l  as w e l l  as v e r t i c a l .  

S i n c e  F i n  Bergen P a r k  h a s  a close r e s e m b l a n c e  t o  Z i n  Tucson ( r e g a r d e d  as 

seismic) v e r t i c a l  movements p r o b a b l y  p l a y  an i m p o r t a n t  r o l e .  

Wide range  induced  c u r r e n t s  might  be c l o s e d  t h r o u g h  na r row h o r i z o n t a l  
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c h a n n e l s  close t o  t h e  s u r f a c e .  E f f e c t s  of  t h i s  k i n d  c o u l d  h e l p  t o  e x p l a i n  

t h e  o b s e r v e d  v a l u e  of t h e  e l e c t r i c  f i e l d  a t  Bergen P a r k ,  by a d d i n g  t o  t h e  

induced  f i e l d  t h e  p o t e n t i a l  g r a d i e n t s  a s s o c i a t e d  w i t h  t h e s e  c u r r e n t s .  

The t e l l u r i c  l i n e s  have  components p e r p e n d i c u l a r  as w e l l  as p a r a l l e l  

t o  t h e  seismic w a v e f r o n t s  and should  t h e r e f o r e  r e spond  t o  e l e c t r i c  f i e l d s  

across t h e s e  f r o n t s .  T h i s  would co r re spond  t o  a g a l v a n o m e t e r  s h u n t e d  o v e r  

p a r t  o f  t h e  r e s i s t a n c e  R i n  t h e  s i m p l i f i e d  a n a l o g  c i r c u i t  c o n s i d e r e d  ea r l i e r .  

A r e g i o n  w i t h  a v e r a g e  c o n d u c t i v i t y  l o -*  ohm-lcm-' would h a v e  t o  b e  a 

Y 

few km t h i c k  t o  e x p l a i n  t h e  obse rved  e f f e c t s .  The u s u a l  r e l a t i v e l y  t h i n  

top l a y e r  of  w a t e r - i m p r e g n a t e d  s o i l  and r o c k  a l o n e  i s  n o t  s u f f i c i e n t .  

A s  ment ioned  b e f o r e ,  no n o t i c e a b l e  m a g n e t o t e l l u r i c  e f f e c t  w a s  o b s e r v e d  

s i m u l t a n e o u s l y  wi t h  t h e  r a p i d  waves p r e c e d i n g  and f o l l o w i n g  t h e  M waves.  

A few t e n t a t i v e  e x p l a n a t i o n s  migh t  be  s u g g e s t e d  h e r e .  

(1) The e f f e c t s  are t o o  small t o  b e  d i s t i n g u i s h e d  f rom i o n o s p h e r i c  

and i n s t r u m e n t a l  n o i s e .  

( 2 )  Due t o  t h e  s h o r t  wave leng ths ,  e f f e c t s  o f  waves i n  o p p o s i t e  p h a s e s  

t e n d  t o  c a n c e l  each  o t h e r .  

( 3 )  The p e r i o d s  of t h e  M waves co r re spond  t o  an e l e c t r o m a g n e t i c  

p a s s - b a n d  d e t e r m i n e d  by t h e  l o c a l  c o n d i t i o n s .  

5 .  C o n c l u s i o n  

Of t h e  mechanisms d i s c u s s e d  h e r e  p i e z o m a g n e t i c  o s c i l l a t i o n s  and induced  

c u r r e n t s  i n  a r e g i o n  w i t h  enhanced  c o n d u c t i v i t y  a p p e a r  m o s t  l i k e l y  t o  e x p l a i n  

t h e  o b s e r v e d  e l e c t r i c  and m a g n e t i c  v a r i a t i o n s  a t  Bergen  P a r k .  C l e a r l y ,  many 
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more o b s e r v a t i o n s  and a b e t t e r  knowledge of  t h e  local e l a s t i c ,  e l e c t r i c ,  

and magne t i c  p r o p e r t i e s  o f  t h e  c r u s t  are needed  f o r  a q u a n t i t a t i v e  t r ea t -  

ment .  S i n c e  t h e  seismic waveform a t  Bergen P a r k  i s  n o t  a c c u r a t e l y  known 

i t  i s  d i f f i c u l t  t o  j u d g e  which mechanism i s  most f a v o r e d  by t h e  o b s e r v e d  

v a r i a t i o n s .  I t  seems e v i d e n t ,  t h e o r e t i c a l l y  as w e l l  as e m p i r i c a l l y ,  t h a t  

t h e  p r o p e r t i e s  of  t h e  " a v e r a g e  c r u s t "  canno t  e x p l a i n  t h e  o b s e r v e d  m a g n e t i c  
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